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Abstract
The antitoxic effect of selenium on zinc has been evaluated in different levels of living 
organisms. The growth was observed under various concentrations of zinc chloride as 
well as zinc chloride (ZnCk)/Selenium dioxide (SeCk) using direct count and turbidity 
method while morphology and DNA is studied by performing DAPI stain. In prokaryotic 
Synechococcus sp. IU 625 (SIU 625), the growth was very similar to the control at the 
concentrations of lOmg/L, but reduced at 25mg/L while 50mg/L ZnCk was lethal dosage 
and hence inhibited the growth completely. Morphological study indicated that the cells 
become longer and colorless at high concentration. Y and V shape (curved cells and cells 
with ectopic poles) DAPI stained DNA and some fragmentations were observed in 
25mg/L and 50mg/L ZnCk treated SIU 625 at 24hours and day 3. SeCk is able to reduce 
the availability of ZnCk thus reduces the growth at lOmg/L ZnCk which is the 
concentration that enhance the growth of SIU 625. At higher concentration of ZnCk 
(50mg/L), SeCk is able to reduce the toxicity of ZnCk and the long filament shape was 
observed at day 3 in SIU 625.The eukaryotic model, Chlamydomonas reinhardtii (C. 
reinhardtii) was very resistant to ZnCk treatment. Lower concentrations (lOmg/L and 
25mg/L) did not affect the growth of the cells. At the 50mg/L of ZnCk, the inhibition of 
growth was observed suggesting that C. reinhardtii might have stronger heavy metal 
tolerant mechanism compare to SIU 625 which helps them to combat stress caused by 
zinc. As the concentration of ZnCk increase, some cells appear light green and the dead 
cells appear dark brown at 12 and 24 hours under higher concentration (25 and 50mg/L 
ZnCk). At the concentration of lOmg/L and 25mg/L of ZnCk in combination with lmg/L 
of SeCk, better growth was observed. At higher concentration (50mg/L), no significant 
effect of SeCk on the toxicity of ZnCk was observed. DNA demargination was also 
observed in DAPI stained DNA under ZnCk and ZnCk/SeCk treatment. In mammalian 
cells, SeCk increased viability in CHO cells treated with 25mg/L SeCk significantly 
(about 25.25%) and with 50mg/L ZnCk slightly (about 12.26%). SeCk increased viability 
in MRC-5 cells treated with 25mg/L significantly (about 37.85%) and with 50mg/L 
ZnCk about 12.27%. SeCk (0.125mg/L) with WTC dust at 1.25, 12.5, and 125mg/L 
increased viability about 3.59%, 26.16% and 67.76% respectively in CHO cells, but not 
in MRC-5. Apotox Glo Triplex assay result was inconclusive in mammalian cells. SIU 
625 was used as a model to do bioinformatics and proteomic study. A membrane 
topology prediction indicated that four (st, groEL, hmtA and ShmtA) out of five genes (st, 
groEL, ct, hmtA and ShmtA) selected for proteomics study were membrane proteins. 
Identification of these genes and expression study using qPCR based assay suggested that 
three genes {st, groEL, ct) had similar expression pattern and showed increased 
expression immediately after heavy metal exposure (10 and 25mg/L of ZnCk) while 
hmtA and ShmtA did not express immediately. Both hmtA and ShmtA contained similar 
cysteine rich domain indicating its high affinity to be able to bind heavy metal, but only 
expressed significantly under lower concentration of ZnCk (lOmg/L).
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I Introduction
Cyanobacteria are freshwater eubacteria characterized by photosynthesis, 
morphological diversity, blue-green color, and unique heavy-metal metabolism 
properties. Cyanobacteria contain one or more plasmids and a circular chromosome 
(Steffen et al. 2012). C. reinhardtii is unicellular green alga that is also found in a fresh 
water and soil. Both microorganisms have been used as environmental pollution 
indicators especially for heavy metal contamination. Many EPA targeted heavy metals 
such as Hg, Cu, Cd, and Ni have been studied and published (Awad et al. 2005; Lee et al. 
1992, 1993, 1994; Chu et al. 2011). Mammalian cells such as MRC-5 and CHO which 
are higher heterotrophic eukaryotes often used to study cytotoxicity, proliferation and 
apoptosis mechanisms in vitro.
Zinc is essential in regulating the immune system, cellular function as well as 
DNA and RNA synthesis. Zinc is found with DNA-binding proteins and zinc finger motif 
proteins. Zinc is very important cofactor in central nervous system which is concentrated 
in the cell that stores zinc in their pre-synaptic vesicles (Frederickson et al. 2000). 
However, it can be very toxic at high concentration and can inhibit respiratory electron 
transport in many bacteria. Studies have shown that excess intake of zinc increases zinc 
level in liver, kidney and plasma (Fujimura et al. 2011). In addition, zinc is associated 
with regulation of many enzymes involved in cell growth and the stimulation of 
apoptosis. Hence, studying zinc toxicity is very essential (White et al. 2001). Selenium is 
a mineral element that has antioxidant properties and it is essential for the growth of 
many organisms. It is also a nutrient which can help to reduce oxidative stress that 
damage DNA as well as to prevent cancer (Rayman, 2005). Previous research has
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showed that selenium helps to reduce toxicity of heavy metals in microorganisms (Lee et 
al. 2002).
1. Cyanobacteria
Cyanobacteria are freshwater or marine bacteria, one of the very old and diverse 
groups on the earth. The emergence of oxygen -containing atmosphere helped 
cyanobacteria for photosynthesis about 2.2 billion years ago (Schirrmeister, et al. 2011). 
They can tolerate warmer temperature, saline environment, ultra-violate irradiation, 
ability to use light for photosynthesis, and tolerate high or low pH. They are one of the 
most abundant groups and the global biomass of cyanobacteria is approximately thousand 
million tons (1015 g). Cyanobacteria are oxygenic photoautotrophs with various sizes 
shapes such as rod, cocci, filamentous and colonial. They have green pigment due to 
chlorophyll a, red pigment and phycocyanin, a blue pigment hence known as blue-green 
algae (Whiton and Potts, 2012; Lee and Chu, 2012). In addition, cyanobacteria contain 
polysaccharide substances that help them to adhere to each other and form colonies 
(Pereira, 2009).
Some cyanobacteria species are helpful in nitrogen fixation and possess unique 
heavy-metal metabolic properties. Some of the Cyanobacteria contain one or more 
plasmids that contain some important antibiotic and heavy metal resistant genes. 
Evolution in this ancient organism provides inside in the complex form of life (Steffen et 
al. 2012; Kurits and Wolk, 1995; Schirrmeister, et al. 2011).
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http://blog.jtrealty.com/files/2009/07/algae-bloom-courtesy-of-des.jpg
Figure 1: Cyanobacteria bloom, New Hampshire’s lake by Concord, NH. 2009.
Industries dump immense amount of heavy metals such as zinc, mercury, lead, 
chromium, and nickel in water supply, which affects aquatic ecosystem and human 
health. Some cyanobacteria have ability of tolerating and detoxifying heavy metal 
contaminations in fresh water and make them good candidates to be used for 
bioremediation such as to clean surface water (Davis, 2009).
On the other hand, cyanobacteria are with the major contributors of harmful algal 
bloom (HAB) in fresh water and marine world wide. According to EPA, HBAs toxins in 
drinking waters and recreational water have become an issue of concern due to its 
prospective adverse influences on public health and environment in the United States. 
Some strains such as Oscilatoria, Mycrocystis, and Anabaena produce harmful toxins 
such as hepatoxin, dermotoxin and neurotoxin which are acute, and lethal to animals and 
humans. Many cases of bloom poisoning in animals and human have been reported in 
Sweden, Japan, Netherland, and Scotland (Sivonene et al. 1990; Carmichael, 2001).
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2. SIU 625
SIU 625, previously known as Anacystis nidulans, is a non- motile, unicellular, 
about 1-1.5 pm long photoautotroph, carries two types of plasmids and have gram 
negative like bacterial in cell wall structure. SIU 625 is similar to S. elangatus PCC 7942 
and 6301 (Lee et al. 2013) that have been completely sequenced. It is a good indicator of 
environmental pollution and hence been used to study the effect of EPA targeted heavy 
metals (U.S. Environmental Protection Agency 2010). Since SIU 625 is simple and easy 
to culture and also a good indicator for pollution especially heavy metals, many EPA 
targeted heavy metals such as Hg, Cu, Cd, and Ni have been studied and some of them 
have been published (Susan et al. 2005; L. H. Lee, 1992,1993, 1994; Chu 2011).
3. C. reinhardtii
C. reinhardtii is unicellular green algae with two flagella, about 10pm in 
diameter. It is found in fresh water, marine and soil. However, marine species are not 
widely found. Chamydomonas provasolii and Chlamydomonas hedleyi are marine species 
that are found with foraminifera in symbiotic relationship (Lee, 2006). The cell wall 
structure contains seven layers of mostly hydroxyproline-rich glycoproteins shown in 
figure 3 (Roberts et al. 1972). It is a complex eukaryote which helps to determine how 
complex organism would respond to heavy metals and how their metabolic processes will 
be affected (Lustigman et al. 1995). Chlamydomonas have pellical (a cover) which makes 
them more tolerant to the adverse environment.
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Figure 2: Chlamydomonas cartoon picture showing organelles 
(http://www.jochemnet.de/fiu/bot4404/BOT4404_28.html).
Figure 3: Cross-fractured cell wall structure containing seven layers indicated 
with number using phase contrast electron microscopy. A cell wall was isolated 
centrifugation (Goodenough and Heuser, 1985).
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Figure 4: Cross-fractured lateral cell wall structure containing seven layers 
indicated with number using phase contrast electron microscopy (Goodenough 
and Heuser, 1985).
Chemical Composition o f Ceti Walls o f  
C. gymnogama
Constituent Percentage of dry weight
Arabtnose 24.8
Galactose 19.6
Mannose 1.4
Xylose 2.2
Glucose 1.8
Uronic acid (calculated as 
galacturonicacid)
5.3
Unknown sugars 2.0
Hydroxyproline 3.0
Other amino acids 7.2
Lipid 6,9
Ash 10.2
Water 8.0
Total accounted for 92.4
Figure 5: The chemical composition of the cell wall of C. gymnogma (Miller et 
al. 1974).
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C. reinhardtii is a good model organism to study function of chloroplasts, the life 
cycle of cells, respiration as well photosynthesis. It is easy to grow and could be used for 
genetic engineering. Foreign DNA of about 14kb can be introduced stably by 
electroporation into C. reinhardtii which enables to study gene expression in vivo. In 
addition, C. reinhardtii genome is similar to plants and animals and hence it has been 
also used to study chromatin organization (Hasnain et al. 1985; Morris et al. 1990, 
Rochaix et al. 1982; Ladygin, 2003; Brown et al. 1991).
4. Selenium
Selenium is a naturally occurring mineral element needed in a trace amount for 
cell growth, which can be found in some plants and seafood. Selenium is an antioxidant 
and has enzymatic roles. It is an actively catalyst for thyroid hormone (Rayman, 2000). 
Research has shown that selenium slow down HIV progression to AIDS (Namulemia et 
al. 2007). It is also hypothesized that selenium can be used to reduce risk of cancer. 
Selenium deficiency can lead to many diseases in animals such as muscular weakness as 
well as reduces appetite which indicates its essential biological role (Van Rij et al. 1979). 
In addition, selenium also has a protective role and it can decrease or prevent toxicity 
produced by heavy metals such as cadmium, zinc, nickel etc. However, the mechanism 
by which it works is still unknown (Wahba et al. 1993). Previous research has been 
showed that selenium helps to reduce toxicity of heavy metals in microorganisms (Lee et 
al. 2002).
5. Zinc
Zinc (II) is essential micronutrient for prokaryotes helping in gene regulation, 
enzymic activity, stress management and growth (McDevitt et al. 2011; Bong 2009). In
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addition, zinc is essential in regulating the immune system, cellular function as well as 
DNA and RNA synthesis in eukaryotes. Zinc is obtained in diet from eggs, seafood, nuts, 
cheese etc. Zinc is a very important cofactor in central nervous system that is 
concentrated in the cell that stores zinc in their pre-synaptic vesicles (Frederickson et al. 
2000). Zinc also play and essential role for some of the DNA binding protein such as zinc 
finger proteins and regulation of apoptosis (Laity et al. 2001).
However, studies have shown that higher level of zinc results in inhibition of 
microbial processes in heterotrophic bacteria and affects protein transportation in marine 
microbial species. High level of zinc affects membrane integrity of the cell, inactivates 
certain enzyme and slower the growth which results in decrease o f diversity of 
prokaryote spices. Organisms with metal resistant mechanism can persist against metal 
toxicity up to certain level (Bong et al. 2010).
In addition, excess intake of zinc increases zinc level in liver, kidney and plasma 
in higher organisms (Fujimura et al. 2011). Also excess amount of Zn (II) can be toxic 
since it competes with other necessary cations such as Mn (II) resulting in less 
accumulation of Mn (II) and impaired cell growth and respiration. Zinc toxicity is a very 
common factor which causes oxidative stress (McDevitt et al. 2011). Since zinc plays 
very important role in DNA synthesis and associated with regulation of many enzymes 
involved in cell growth and the stimulation of apoptosis, studying zinc toxicity is 
essential (White et al. 2001).
1) Zinc resistance mechanisms in prokaryotes and eukaryotes
Metal resistance mechanism is established in microorganisms by several routes 
such as efflux which gets expelled via metal transporters, by sequestering in cytosol in
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inclusion bodies or gets detoxified in cytosol (Peter et al. 2011). Metalothionein class II 
genes such as smtA and smtB have cysteine rich domains for metal binding proteins and 
play role in heavy metal tolerance in prokaryotes as well as many eukaryote organisms. 
These genes are involved in a metal-regulation. smtA is expressed under stress of heavy 
metals such as cadmium, mercury, zinc, nickel, and chromium and sequesters excess 
metal. Product of smtB is a repressor of smtA gene. smtB is a metal dependent 
transcriptional repressor that have metal sensing site. In the absence of metal smtB binds 
to promoter operator region of smtA gene to repress its expression such as in 
Synecochoccus sp. PCCC 7942 and 6308 (Cavet, 2003; Erbe, 1995; VanZile et al. 2002; 
Bong et al. 2010; Zhou and Goldsbrough, 1994; Erbe, 1995; Busenlehner et al. 2002). 
Metallothionein genes are identified and published in SIU 625 (Gene bank A.C. 
DQ383472).
Divalent cations such as Mn2+’ Fe2+, C 0 2+, Ni2+, Zn2+ have diameter of 138- 
160pm. One of the ways for heavy metal ions to cross membrane is chemiosmotic 
gradient that transports many substrates of similar size. They can also, use ATP 
hydrolysis which is often inducible, and specific. ABC transporter, A-type ATPase and 
P-type ATPase use ATP as a source of energy for transporting heavy metal cations such 
as Zn2+. P-type ATPase is involved in efflux as well as uptake of Zn2+ (Nies, 1999).
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C Zinc Zn2+ Zn2+ Zn2+ Zn2+
Figure 6: Neis 1999. Indicating protein families such as, ABC transporters, P- 
Type ATPases involved in zinc uptake and efflux. MgtE is a family of 
Magnesium transporters E, one of the families of transmembrane eubacteria 
magnesium transporters. CDF is a cation efflux family; MIT is Microtubule 
Interacting and Trafficking molecule domain containing protein family involved 
in intracellular trafficking.
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Figure 7: A localization of zinc transporter and metalothioneins (MTs). The 
direction of Zn mobilization is indicated by arrows in eukaryotes. Zinc level in 
cell is controlled by zinc transporters and MTs (Fukada et al. 2011).
Exposure to heavy metals such as Cd and Hg induces expression of cysteine riche 
thioredoxin protein suggesting that they might be involved in defense mechanism against 
heavy metals in C. reinhardtii. Thioredoxins proteins are about 12kD and contain 
conserved Cys-X-x-Cys active site found in prokaryotes as well high eukaryotes such as 
humans. Sometimes heavy metals can inactivate thioredoxin protein by binding to their 
active site which might occur to control gene expression by some kind of feedback 
inhibition mechanism. The mechanism after regulation of gene expression is not known. 
In plants, after heavy metal bind to cysteine rich site they are stored in vacuoles 
(Hanikenne, 2003; Holmgren, 1985; Eklund et al. 1991; Jacquot et al. 1997a).
The cell wall in C reinhardtii binds metal ions in negative charged part ell 
wall and has high affinity to cations. The cell wall provides more tolerance when exposed 
to heavy metals such as Ni, Cu, Co, Cd compare to wall-less mutant by an unknown
mechanism (Macfle and Welboum, 2000). In addition, Creinharditii has short life cycle 
and easy to manipulate for genetic analysis studies. Many molecular techniques such as 
nuclear transformation, yeast and bacterial artificial libraries, RNA interference and DNA 
microarrays, have been studied to Chlamydomonas. Hence, Chlamydomonas are 
excellent model organism to study molecular approaches to heavy metal homeostasis and 
heavy metal tolerance such as of zinc (Hanikenne, 2003; Lee et al. 1994).
Chlmydomonas strain with cell wall compare to the mutant strain that lack cell 
wall are more resistant to heavy metals since cell wall is the first protective barrier. 
Expression o of class -II metallothionein gene increases heavy metal binding capacity by 
2 fold and also increases heavy metal tolerance. In addition, phytochelatins that are short 
peptides that bind to metal are found in a large quantity when chlamydomonas are treated 
with metal such as cadmium. This phytochelatins-metal complex increase in molecular 
weight and accumulate in cells which helps in sequestering heavy metal in 
chlamydomonas (Hanikenne, 2003).
Prokaryotes as well as higher eukaryotes including human have cysteine rich 
protein such as metalothionein which increases heavy metal tolerance. In addition, there 
are some proteins that are expressed under stress of heavy metals that help to sequester or 
detoxify heavy metals.
2) Zinc uptake and efflux protein families associated with zinc tolerance
ATPases are transporter for heavy metals involved in efflux resistance 
mechanisms. P-type efflux ATPase is transporter that uses ATP to pump out metal ions 
from cytoplasm to periplasm. Sometimes they can be functionally replaced by cation 
diffusion facilitator family transporters (CDF) which are ion-proton exchanges. P-type
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ATPases span inner membrane and mainly zinc resistance and zinc detoxification in 
many microorganisms (Nies, 1999).
Cation protein families may be assisting in resistance mechanism. Usually found 
in gram negative and gram positive to transfer Cd2+, Cu2+’ Pb2+’ Hg2+. ATPases involved in 
tanslocating heavy metals involved in efflux resistance mechanisms have metal binding 
domain. CPx-type ATPase have conserved proline and sometimes followed by a Cysteine 
(Sharma et al. 2000). ZiaA is an example of CPx-type ATPase which is involved in zinc 
tolerance and efflux zinc when accumulated in access amount to cytosol (Liu et al. 2003). 
While, metallothionein complements with zinc to eliminate or excrete toxic element (Sato 
andNagai 1989).
6. WTC particulate matter
WTC particulate matter contains many volatile organic compounds, as well as 
many heavy metals shown in figure 8. According to The United States Geological Survey 
Spectroscopy lab and CDC report WTC dust exposure decreased proliferation in Human 
Lung Fibroblast Cells indicating that WTC dust might have mutagenic properties. 
Previous research on tissue culture using mammalian cell lines had shown that 
individuals who were exposed to WTC dust particles developed health problems 
overtime especially causing lung damage and other respiratory abnormalities (Wu et al. 
2009; Constantino, 2009).
Inorganic analysis indicated high amount of metals, ionic species, and asbestos 
while, the organic analysis indicated presence of polycyclic aromatic hydrocarbons, 
polychlorinated ibenzodioxins, pesticides, phthalate esters, brominated diphenyl ethers 
etc. Morphological analysis indicated mineral wool, fiber glass, asbestos, wood, paper
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and cotton. Antagonistic effect of zinc acetate and lead oxide in MCR-5 human lung cells
indicated decreased stress compare to unstressed cells due to decrease in toxicity ( Lioy et
a. 2002, Pattnaik and DiLorenzo, 2013). Cell proliferation reduced and apoptosis
increased in MRC-5 and WI-38 (Human Lung Fibroblast Cells) cells when exposed to
WTC dust especially at 254ppm and 225ppm of WTC dust concentration) (Lambroussis
et al. 2009).
Concentrstionof Elements Present in MsrketStreetSample of 
W or Id Trad e Ce nte r Du st t ng/g)
At
7t 10%
20%
Element ng/g
Hg 0
Tl 1,290
Cs 1,327
Bi 1,466
Ag 2,247
As 2,613
Be 3,754
Ü 4,213
Cd 7,459
Co 10,460
Rb 21,710
Li 29,520
Ga 34,060
V 42,610
Hi 47,290
Cr 171,500
Mg 179,000
Pb 289,200
Cu 325,600
Ba 406,500
Sr 720,800
Mn 828,100
Al 908,700
Ti 1,797,000
Zn 2,992,000
Figure 8: Concentration of elements found in WTC dust sample (Lioy et al. 2002) 
In this study, the effect of selenium on zinc in different levels of organisms will 
be studied. The organisms are prokaryote cyanobacteria, in lower eukaryotes algae and in 
human cell lines. In addition, the effect of zinc and selenium on the world trade center 
dust (WTC) exposed human cells will also be analyzed. The effect of zinc, selenium and
zinc in combination with selenium will be evaluated. This will help to evaluate that if
selenium has any antitoxic effect upon exposure to zinc and WTC particulate matter and
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how the level of complexity of organisms would respond to especially heavy metals and 
how their metabolic processes will be affected.
The objectives of this research are as follows:
1. Evaluation of SeCh on the toxicity of ZnCh in different systems
1) Prokaryotic Bacteria: study growth, morphology and integrity of DNA in 
unicellular cyanobacteria SIU 625
2) Lower eukaryote: study growth and morphology and integrity of DNA in 
unicellular green algae C. reinhardtii
3) Higher eukaryote: study proliferation, cytotoxicity and apoptosis in mammalian 
cells such as Chinese Hamster Ovary (CHO) cells and human lung fibroblasts 
(MRC-5) cells
2. Evaluation of SeCh on WTC particulate matter (which contains high quantity of Zn) 
in Mammalian cells
3. Bioinformatic study of putative zinc tolerant genes in SIU 625
4. Study of expression levels of identified zinc resistance genes in SIU 625 upon 
exposure to varying concentrations of ZnCh and ZnCh/SeCh at increasing points
II Materials and Methods 
1. Cultures
1) SIU 625
The culture was obtained from the American Type Culture Collection, Manassas, 
VA (ATCC No. 27344). SIU 625 Cells were grown for 25 days in Mauro’s modified 
Medium (3M) at pH 7.9. The medium was prepared and sterilized by autoclaving. 
Culture was grown on a Innova ™ 2300 platform shaker (New Brunswick Scientific,
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Edison, NJ) at constant agitation of lOOrpm at room temperature under white fluorescent 
light (Kratz and Meyer, 1955; Ono and Murata, 1981; Awad et al. 2005). Cultures were 
periodically checked for bacterial contamination by plating on a nutrient agar (NA) plate.
The stock was prepared on 3M agar plate and liquid culture. A culture was gown 
at room temperature for a week then stored at -20°C and liquid culture was stored at - 
80°C in a 10% glycerol.
2) C. reinhardtii
C. reinhardtii culture was ordered from North Carolina, USA. Culture was grown 
in 3M media plus vitamin mix (Sigma-Aldrich, PA, USA) until it reached to initial 
concentration of 1 X 107 cells/ml to carry out the experiment. The other growth 
conditions and stock preparation were the same as described in SIU 625 (section 1).
3) Preparation of vitamin stock solution
O.lgB 12 (Cyanocobalamin, store at 4°C) and O.lg Biotin (vitamin B as known as 
vitamin H, store at 4°C) was added to lOOmL of sterilized deionized water and mixed 
until dissolved. Vitamin B 12 and Biotin mix was filtered and stored at 4°C in 50mL of 
sterile centrifuge tubes. 1ml of prepared vitamin mix was added to a 1L of 3M. 0.2g of 
Thiamine Hydrochloride (vitamin B l, stored at room temperature) was added to 1L of 
sterilized 3M media.
4) Culture mammalian cells: MRC-5 and CHO
MRC-5 and CHO cells were obtained from Amerian Type Culture Collection 
(ATCC, VA, USA) and were kept in minimum essential media (MEM) with 10% FBS 
(fetal bovine serum) containing 1% PSKG (Penicillin, Streptomycin, Kanamycin,
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Glutamine) into T-25 flasks at 37°C and 5% CO2 until it reachd to confluency. These 
antibiotics helps to prevent bactereial contamination.
5) Maintaning stock of mamammalian cell lines
A stock of mammalian cell lines was maintained by subculturing. A concluent 
flast of cells kept in 6mL of comlete media was scraped using canted bendable head. 
Cells with media were transferred to 15mL of centrifuge tube and spinned at 1,000rpm 
for 5 minutes. A supernatant was removed and pellet was resuspended into 12 mL of 
fresh complete media (10% FBS Minimu Essential Medium Eagle). 6mL was tranfered 
into a new flask while 6mL was kept ito old flask. Cells in flasks were observed under 
microscope to ensure the integrity of the cells and incubated at 37°C and 5% CO2 until it 
reachd to confluency.
2. Heavy metals and heavy metal treatment
1) Zinc cloride (ZnCh) stock solution preparation
1% (104 mg/L) of ZnCh (MW 136.30, Sigma-Aldrich, MO, USA) stock solution 
was prepared by dissolving lg  of ZnCh in lOOmL of triple deionized water. Prepared 
solution was filterd and stored in a 50mL of sterile centrifuge tubes. A centrifuge tube 
with stock solution was covered with aluminium foil and stored at room temprature.
2) Se0 2  stock solution preparation
1% Se02 stock solution was prepared by dissolving lg  of SeCb (MW 111.0, 
Sigma-Aldrich, MO, USA) in lOOmL of triple deionized water. The stock solution was 
sterilized using filtered (usign 0.45 pm pore size filter) sterilization method and stored in 
a sterile centrifuge tube at room temprature.
3) WTC dust stock preparation and treatment for mammalian cells
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a) WTC dust stock preparation
The WTC dust sample was obtained from Dr. Paul Lioy at Rutgers University. 
The WTC dust contains cement aggregate, ceiling tiles, glass fibers etc. WTC dust 
sample was sterilized under UV light for 24 hours. lOOOmg/L of stock solution was 
prepared using MEM (Gibco Lifetechnologies, USA, Ref. 11095-080), 10% FBS and 1% 
PSKG. Prepared stock was stored at -20°C. This stock soulution was used to make 
required dilutions (1.25, 12.5 and 125mg/L) for the experiment using complete media 
(Hernandez et al. 2012).
b) Effect of ZnCh, Se02, ZnCh/Se02, WTC dust, and WTC dust/Se02, on mammalian 
cells
In order to study the effect of ZnCh, Se02, ZnCh/Se02, WTC dust, and WTC 
dust/Se02, on MRC-5 and CHO cell, a Cell Proliferation Assay (CellTiter 96 Aqueous 
Non-radioactive Cell Proliferation Assay) was performed using Promega kit (catalog # 
G542, Promega, WI, USA). MRC-5 and CHO cells were treated for 24 hours followed by 
24 hours of growth period (cell growth reaches to ~1.0 X I0 5/mL). Cell culture was 
scraped and centrifuged at 5,000rpm for 5 minutes. The old media was removed and 
replaced with lOOpL of fresh MEM media containing 10% FBS, 1% PSKG. lOOpL of 
cells were plated into each well using 96 well plate and incubated for 24 hours at 37°C 
and 5% CO2 (Labecare America, CA, NAPCO 5420-0, cat#51201063). After 24 hours, 
old media was removed and cells were treated withlOOpL different concentration of 
ZnCh (12.5mg/L, 25mg/L, 50mg/L), ZnCh/Se02 (0.125mg/L), or WTC (1.25mg/L, 
12.5mg/L, 125mg/L),WTC/Se02 (0.125mg/L) for 24 hours respectvely.
c) Proliferation assay
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The CellTiter 96 Aqueous Non-Radioactive Cell Proliferation Assay analyzes 
proliferation and cell viability. A proliferation is measured based on the ability of cells to 
reduce MTS tétrazolium salt into formazan. The chemical transformation of MTS 
tétrazolium to formazan leads to a color change that in turn results in increased levels of 
absorbance at 490nm. In the presence of dehydrogenase enzyme MTS tétrazolium is 
reduced to formazan in healthy, viable cells (figure 9). Hence, increased absorbance at 
490nm absorbance indicates increased numbers of healthy, viable cells (Promega 2009).
to formazan in healthy, viable cells (Promega, 2009).
d) ApoTox-Glo Triplex assay (G6320, Promega)
ApoTox-Glo Triplex assay kit measures viability, cytotoxicity and apoptosis. 
MRC-5 and Vero (green money kidney cells) were used for ApoTox-Glo Triplex assay. 
Cell preparation and 96 well plate set up was similar to proliferation assay.
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Figure 10a (on left) indicates viability and cytotoxicity fluorescent 
reaction. One protease is a marker of cell viability while another is a marker of 
cytotoxicity. A substrate GF-AFC (glycylphenylalanyl-aminofluorocoumarin) 
enters intact cells and it is cleaved by protease in cell, which results in a 
fluorescent signals. AAF-R110 (alanyl- alanyl-phenylalanyl- rhodamine 110) 
measures dead cell protease activity that is released from dead cells when they 
lose membrane integrity. Figure 10b (on right) indicating Caspase 3/7 
luminescent reaction. The luminogenic substrate with the DEVD sequence is 
released when DEVD (Asp-Glu-Val-Asp) sequence is cleaved and results in the 
luciferase reaction which produces luminesce/light (promega, G6320).
4. Monitoring the growth of SIU 625 and C. reinhardtii
SIU 625 was grown in 250mL of sterile Erlenmeyer flask in prepared 3M media 
(pH 7.9). C. reinhardtii culture was grown in a 3M media prepared with vitamin mix as 
described previously (section 1) until it reached to final cell count of 1.0 X 107 per mL.
For the first part of the experiment, 5mL of culture was added into 95mL of 3M 
media for SIU 625 and C. reinhardtii. SIU 625 and C. reinhardtii culture were treated
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with ZnCh with final concentration of Omg/L for control, lOmg/L, 25mg/L and 50mg/L 
in 250mL flask using 1% of ZnCh prepared stock.
For the second part of the experiment, 5mL of culture was added into 95mL of 
3M media for SIU 625 and C. reinhardtii. SIU 625 and C. reinhardtii culture were 
inoculated with various concentration of various ZnCh with constant concentration of 
SeCh using 1% ZnCh stock and 1% SeCh; Omg/L for control, 1 Omg/L ZnCh and lmg/L 
SeCh, 25mg/L and lmg/L SeC>2,and 50mg/L of ZnCh and lmg/L SeC>2 .
The growth of SIU 625 and C. reinhardtii were monitored twice a week for 25 
days (on day 1 and 4) using two different method: direct count using hemacytometer 
(figure 11) and turbidity study using spectrophotometer (figure 12) (GENESYS 
Spectrophotometer20) at 750nm (Awad et al. 2005). Three repeating were accomplished 
and standard deviation was calculated. The growth curves were generated by the mean of 
three repeating with standard deviation.
Figure 11: Hemacytometer, Direct count Figure 12: Spectrophotometer, Turbidity study 
5. Morphology study of SIU 625 and C. reinhardtii in the presence of ZnCh/SeCL 
1) Cell fixation
Cell fixation was performed to study morphological changes of SIU 625 and C. 
reinhardtii in different treatment. Cells were collected and fixed from samples prepared
21
for growth study at 12 hours, 24hours, and day 3 respectively. lmL of culture was 
collected from treated samples and control at different time point into 1.5mL of 
eppendorf tube. Samples were centrifuged at l,400rpm at 4°C for lOminutes. Resulting 
supernatant was discarded and 80pL of 3M media and 20pL of fixative (12.5% 
formaldehyde (5X), 150mM NaPCU buffer pH 7.5) were added. Samples were vortexed 
until they were mixed and then stored at 4°C.
2) DAPI stain (4'6-diamidino-2-phenylindole)
A 5mg/mL DAPI stock solution was prepared by dissolving lOmg of content in 
vial (DAPI dihydrochloride, MW=350.3, Catalog no. D1306) adding into 2 mL of 
deionized water. A prepared stock solution was stored at -20°C.
1% agarose was prepared in IX TAE buffer and dissolved it using microvave and 
then mixture was poured into 1.5mL of eppendorf tubes on a heatblock (ThermoLyne 
Dri-bath-SYBRON). 120pL of prepared 1% agarose was pipetted on a clean glass slide 
and a cover slip was placed immediately. Slides were covered with wet paper towel (to 
keep high humidity) and stored at 4°C. 20pL of sample from fixed cells was pipetted on 
the prepared slide after removing a coverslip. 2pL of DAPI stain (stored at -20°C) was 
added and sample was covered with a new coverslip. Slide was incubated for 10 mintutes 
in the dark and then cell morphology was observed under ZEISS Axioscope (Axioxision 
3.0) using differential interference contrast setting to detect the integrity of DNA.
5. Proliferation assay (cat#G5421) on CHO and MRC-5 cells
Two 96 well plates were prepared for CHO and MRC-5 cells separately following 
the format shown in table 1. After 24 hours, proliferation analysis was carried out, 
tetrazolium MTS solution was prepared aseptically according to methods described in
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Promega Technical Bulletin #TB169. 100 microliters of electron coupling reagent (PMS) 
was added to 2 milliliters of MTS to prepare reaction solution. 20 microliters of 
MTS/PMS solution was added to each well of the 96 well plates and each plate was then 
incubated for 1 hour. Absorbance of this colorimetric assay was recorded at 490nm using 
a Synergy 2 multi-plate reader (BioTek). All data was expressed as mean, ±SD, n=3.
Table 1: 96 well preparation for proliferation analysis
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6. ApoTox-Glo Triplex assay on MRC-5 and Vero cells
Two 96 well plates were prepared for MRC-5 and Vero cells following the format 
shown in table 1. After 24 hours, ApoTox-Glo Triplex assay was carried out, reagent 
preparation was executed aseptically according to Promega Technical Bulletin #TM322. 
20 microliters of viability/cytotoxicity reagent was added to each well of the 96 well 
plates and each plate was palced on orbital shaker (300-500rpm) for 30seconds. Plates 
were incubated for 30 minutes at 37°C. Absorbance for viabilty was recorded at 
400nmex/528em using BioTech’s Synergy 2 multi-platereader. Absorbance for 
cytotoxicity was recorded at 485nmex/528em. Caspae-Glo 3/7 buffer was added to each 
well and mixed by orbital shaking (300-500rpm) for 30seconds. Plates were incubated for 
30 minutes at room temprature and lumineces was recorded. All data was expressed as 
mean, ±SD, n=3.
7. Bioinformatics
Bioinformatics analysis was performed using S. elongatus PCC 7942 as a 
reference model organism. DOOR (Database of prOkaryotic OpeRons) developed by 
Computational Systems Biology Lab (CSBL), University of Georgia was used to predict 
zinc tolerant operon (figure 58). Softberry and PROMOTER Tool (www.fruitfly.org) was 
used to propose promoter sequences and transcription factor recognition sites in proposed 
operon. q-PCR primers were designed based on completely sequence and published 
genome of S. elongatus PCC 7942 using Primer-Quest oligo design software, Integrated 
DNA Technologies, Inc. Genome map of S. PCC 7942 was retrieved from NCBI (figure 
45). The nucleotide sequnces of putative zinc tolerent and related genes were restrived 
from NCBI data base. A genemape of putative zinc tolerent and related genes was
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prepared based on S. elongatus PCC 7942 (figure 47). Proteomics of putative zinc 
tolerent and related genes was done based on S. elongatus PCC 7942. Protein structure 
prediction was made using conserved domain database, NCBI. A membrane topology 
was predicted using MEMSAT (MEMbrane protein Structure And Topology) and 
TMHMM (Prediction of transmembrane helices in proteins) Server v. 2.0. Protein 
sequences were blasted against protein sequences available on NCBI data base using 
Blastp tool and against protein sequences on STRING database to look for homology. 
Sequence alignment was performed using conserved domain database, NCBI to search 
for conserved domains such as cysteine rich domains involved in heavy metal tolerance. 
Protein- Protein interaction map of was prepared using STRING. ClustalW, a multiple 
sequence alignment of putative zinc tolerant and related genes proteins sequences using 
Mega 5.1 in S. elongatus PCC 7942. Multiple alignment map using protein sequences of 
putative zinc tolerant and related genes in S. elongatus PCC 7942 using clustalW to 
search for sequence homology. A phylogenetic tree was generated using MEGA5.1 
Phylogenic Analysis Software to search for homology in heavy metal translocating P- 
type ATPase within the Synechococcus genus.
8. DNA extraction using InstaGene Matrix™ Bio-Rad kit
lmL of cell suspension sample was added to 1.5 mL of eppendorf tube. Samples 
were centrifuged at 12,000rpm (Ependorf 5415C or 5415D centrifug) for 1 minute and 
supernatant was removed. 200ul of InstaGene matrix (BioRad, catalog No. 732-6030) 
was added to the pallet and samples were incubated for 20 minutes at 56°C on heat block. 
Samples were vortexed at high speed for 10 second. After vortexing, samples were 
placed on a heat block in a 100°C for 8 minutes. Samples were vortexed again at high
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speed for 10 seconds and centrifuged at 12,000rpm for 3 minutes and samples were 
stored at -20°C (InstaGene protocol, Biorad).
9. Primer design 
1) Primer design for PCR
Table 2 lists the primers designed and used to identify putative zinc tolerant and 
related genes on chromosomal DNA of SIU 625. PCR primers were designed based on 
completely sequence and published genome of S. elongatus PCC 7942 using Primer- 
Quest oligo design software, Integrated DNA Technologies, Inc. The primers were 
designed for the genes st, groEL, ct, hmtA, and ShmtA. All primers had an annealing 
temperature between 55°C - 62°C. GC content of the designed primers was optimized 
between 45-50%. PCR primer product size was between 300-1 OOObp.
Table 2: PCR primers
Start Stop Le
ngt
h
T
m
GC
%
Size of 
an
amplic
on
1.. hmtA Forward
CCTTAGCAGTCACCCTGTTT
533 553 20 62 50
933bp
hmtA Reverse 
TTCCTTGAGCTTCGCCATAG
1446 1466 20 62 50
! 2
ShmtA Forward
CGGAGACTGTAGTTGCAGAAG
1913 ! 1934 1 21 62 52.4..|
419bp
ShmtA Reverse
GCGCAGCAATAGCGAATTAC
2312 2332 20 62 50
|.3._
ct Forward
GGAGTAGCGTTTCAGCTCAT
196 [216 | 20 62 50
324bp
ct Reverse
TCAGGCTGCCACAAGATT
502 520 18 61 50
| 4
groEL Forward
GG A AG A A ACTG ACTCGGACT A 
C
1056 1078 22 62 50
522bp
groEL Reverse
GGCTGATCGACAACCAAGA
1559 1578 19 62 52.6
5
st Forward
GGTCTATTGCTACTGGGTGAAA
79 101 22 62 45.5
796bp
26
s t  Reverse
GGCT ACTGAGATTGAGCGTTA 
G
853 875 22 62 50
2) Primer design for qPCR
Table 3 lists the qPCR primers designed and used to study gene expression of the 
putative zinc tolerant and related genes such as hmtA, ShmtA, ct, groEL and st. q-PCR 
primers were designed based on completely sequence and published genome of S. 
elongatus PCC 7942 using Primer-Quest oligo design software, Integrated DNA 
Technologies, Inc. The amplicon size was about lOObp. All primers had an annealing 
temperature between55 - 62°C. GC content of the designed primers was optimized 
between 45-50%. A signature sequence (16s rRNA) was used as a positive control for 
PCR while, an endogenous marker gene rspL which codes for ribosomal protein was used 
as a positive control for q-PCR and primer for rspL was also designed to target ~100bp
region.
Table 3: q-PCR i»rimers
Start Stop Len
gth
Tm GC% Size of 
an
ampli
con
1 1 hmtA Forward 
ACCAACAG CAAACCCT ACT C
1367 1387 20 62 50
99bphmtA Reverse
TT CCTT GAG CTT CG CC AT AG
1446 1466 20 62 50
2 ShmtA Forward 
AGCGGTCAGCGTCAATTT
129 147 18 62 50
95 bpShmtA Reverse 203 
CGGT G ATTTCCGTT GTT AGG A
224 21 62 47.6
| 3 ct Forward
GCAGTAACGCCGAGTATGT A
419 439 20 62 50
101b
P
l ct Reverse
TC AGGCT GCC AC AAGATT
502 520 18 61 50
1 4 groEL Forward
CG AT G A AGTCGGCC A A AT G A
462 482 20 63 50
97bp
27
groEL Reverse
TAGTTCCGTCGCCAGAGATT
539 559
.........
20 63 50
5 st Forward
TAGCATCGACTGGGCTTTG
780 799 19 62 52.6
95bp
st Reverse
GGCT ACTG AG ATT G AGCGTT AG
853 875 22 62 50
10. Identification of zinc tolerant or related genes in SIU 625 
1). PCR based assay
PCR based assay was performed to amplify putative zinc tolerant genes in SIU 
625. 5.5pL of sterile water, lpL Forward Primer, lpL Reverse Primer, 5pL of DNA
(DNA extraction), 12.5pL of Master Mix (GoTaq® Hotstart, Promega, WI, USA) was
added into a sterile PCR reaction tube. The total volume for each reaction tube was 25 pL. 
PCR reaction tubes were placed in a VeritiTM 96-Well thermal cycler (Applied 
Biosystems, Veriti 96 Thermalcycler, CA) which was programmed as shown in table 4.
Stage
' W jM ii
Function
2  2  J ,  £•]
Temperature (°C) Time Cycles
1 Initial
Dénaturation
95 1 minute 1
Dénaturation 95 1 minute
2 Annealing 55 30 seconds 35
Extension 72 1 minute
3 Elongation 72 10 minutes 1
4 Hold 4 oo -
After PCR reaction was completed, samples were removed and stored in a -20°C for 
further analysis using agarose gel electrophoresis.
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2). Gel electrophoresis
After performing PCR reaction as described above, gel electrophoresis was carried 
out using 1.0% agarose gel in order to identify and verify PCR products. 0.5g of agarose 
(USB Corporation, Cat. No. 32802) was added to a 50mL of IX TAE (Tris-Acetate- 
EDTA) buffer in a 125mL or 150mL of Erlenmeyer flask. The mixture was heated on a 
laboratory hot-plate until the agarose dissolved and the liquid turned clear. The mixture 
was allowed to cool and 4pL of Ethidium Bromide (5mg/ml) was added to the flask and 
mixed to dissolve by swirling gently. A gel comb was placed into one end of gel box. The 
prepared gel mixture was poured into a gel box and allowed to solidify. 2pL of 10X 
loading dye was added to lOpL of PCR sample. After the gel solidified, comb was 
removed and the gel was placed keeping wells near negative electrode. IX TAE buffer 
(~300mL) was poured to the gel box until it covered the gel. A lOpL of Hi-Lo DNA 
marker was added to a first well and then prepared samples were loaded on the gel 
respectively. The gel was run at ~ 100-115V for 40-50 minutes, depending on the size of 
the expected DNA fragments. The gels were analyzed under UV light and images were 
taken and recorded using 8.0 Mega Pixel digital camera.
11. RNA purification using RiboPure™ Bacteria Kit (Applied Biosystems part No.
AM 1925)
1 ml of sample from each culture exposed to various treatments was collected at 
different time points (0 hours, 8 hours, 24 hours and 48 hours). RNA isolation was 
performed using RiboPure™ Bacteria Kit (Applied Biosystems Part No. AMI 925) in 
order to study expression level of genes involved in metal regulation. SIU 625 cells were 
collected at different time point (0 hours, 8 hours, 24 hours and 48 hours) into 1.5mL
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eppendorf tube post inoculation with ZnCh and total RNA was isolated following 
protocols provided with kit. First, samples were centrifuged for 1 minute at 14,000rpm. 
Supernatant was removed and 250pL of ice cold Zincronia Beads (provided with kit) 
were plates into 500pL of screw cap tubes. 350pL of RNAwiz was added to the resulting 
pallets. Samples were vortexed for 15 seconds and transferred into screw cap tubes 
containing the beads. The samples were vortexed for lOmnutes on a vortex adapter 
placing it horizontally and holding it in place by applying force in the center of the 
adapter in order to lyse the cells. The resulting lysate (-200 pL) was transferred to a 
1.5mL of RNase-free mcirocentrifuge tubes provided with the kit. 0.2 volumes of 
chloroform was added to each sample and samples were shaken vigorously for 30 
seconds. The samples were incubated for 1 Ominutes at room temperature and then 
centrifuged for 5 minutes at 14,000rpm at 4°C. The resulting aqueous phase was 
transferred from each sample to a 1.5mL of RNase-free microcentrifuge tube. 0.5 volume 
of 100% Ethanol was added to the samples and samples were mixed well. Samples were 
added to a filter cartridge after placing into 2mL of collection tube and then centrifuged 
for 1 minute at 14,000rpm. The flow-through was discarded and 500pL of wash solution 
(working solution 2 mixed with ethanol) was added to wash samples and samples were 
centrifuged for 1 minute at 14,000rpm. This step was performed twice and flow-through 
was discarded. The filter cartridges were centrifuged for 1 minute to remove excess wash 
solution. The filter cartridges were placed into 2mL of collection tubes. The RNA was 
eluted by adding 30 pL of Elution buffer which was preheated on a heat block at 100°C. 
The samples were centrifuged at 14,000rpm for 1 minute. Again the Elution step was
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repeated. cDNA was synthesized using Reverse Transcription (RT-PCR) Kit (Applied 
Biosystems, Part # 4368814).
12. Reverse transcriptase polymerase chain reaction (RT-PCR) using the high capacity 
cdna reverse transcriptase kit (Applied Biosystems, Part No. 4368814) 
cDNA Synthesis of RNA isolation from SIU 625 was done using a High Capacity cDNA 
Reverse Transcription Kit (Applied Biosystems, Part No. 4368814). RNA extraction 
samples from zinc-treated and control cells were used to synthesize cDNA following 
protocols with the kit. lpL of RNA, 2pL of 10X RT buffer, 0.8 pL of 25X dNTP Mix 
(lOOmM), 2pL of 10X RT random primers, sample were in a 0.2mL RNase -free PCR 
tube. Samples were centrifuged to mix and placed into a thermal cycler (Veriti™ 96- 
Well) according to reaction profile shown in table 5 for reverse transcription cDNA 
synthesis. A NanoDrop was used to determine the 260nm/280nm absorbance ratio as well 
as the concentration (ng/pl) of cDNA. The cDNA was stored at -20°C which will be used 
for qPCR analysis.
Stage Function Temperature (°C) Time Cycles
1 Reverse
Transcriptase
45 45 minutes 1
2 Initial 95 2 minutes 1
Dénaturation
Dénaturation 95 30 seconds
3 Annealing 60 1 minute 40
Extension 68 2 minutes
4 Elongation 68 7 minutes 1
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5 Hold 4 00
1) PCR reaction using qPCR primes to amplify cDNA
A PCR was performed in order to verify cDNA product. l.OpL forward primer, 
l.OpL reverse primer, 2.0|iL cDNA, 3.5|iL sterile water, 12.5pL of Master Mix (GoTaq®
Hotstart, Promega, WI, USA) was added into a sterile PCR reaction tube. The total 
volume for each reaction tube was 20pL. PCR reaction tubes were placed in a VeritiTM 
96-Well thermal cycler (Applied Biosystems, Foster City, CA) that was programmed as 
described previously. After PCR reaction was completed, samples were removed and 
stored in a -20°C for further analysis using agarose gel electrophoresis as described 
previously.
13. qPCR assay to determine relative quantitation of gene expression using Applied 
Biosystems® StepOnePlus™ Real-Time PCR System 
A Comparative (ACT) analysis assay was accomplished to determine relative 
quantitation of putative zinc tolerant or related genes: ShmtA, hmtA, ct, groEL, and st. All 
assays were performed in triplicates. Endogenous control was prepared using ribosomal 
protein S12 gene {rspl gene) and a negative control was prepared (Huang et al. 2003). 
StepOnePlus™ Real-Time PCR System compares gene expression of each sample 
against the endogenous control which was 16s. Total five 96 well plates (Applied 
Biosystems) were prepared, one for each gene following the format as shown in table 6.
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Table 6: 96 well preparation for Comparative (ACT) analysis
1 2 3 4 5 6 7 8 9 10 l l 12
A N - N- N- N-16s N-16s N-16s Target Target Target
target target target Ohr/Opp Ohr/Opp Ohr/Opp
£ £ £
m m 111 cc a.o a.o
VO JC—' o VO J2 — O vo jd — o
B Target Target Target 16s 16s 16s target Target Target
Ohr/lOp Ohr/lOp Ohr/lOp Ohr/lOp Ohr/lOp Ohr/lOp 0hr/25p 0hr/25p 0hr/25p
c
£
Q,
£
a,
pm pm pm pm pm pm pm pm pm u-'<N <N vV<Nvb jz ~  c vo sz — o vo jd — o
C Target Target target 16s 16s 16s Target Target Target
8hr/0pp 8hr/0pp 8hr/0pp 8hr/0pp 8hr/0pp 8hr/0pp 8hr/10p 8hr/10p 8hr/10p £
C
£
a.
£
a.
m m m m m m pm pm pm o o o
vo Jd*— oo vo Jd 00 vo Jd — 00
D Target Target Target 16s 16s 16s Target Target Target
8hr/25p 8hr/25p 8hr/25p 8hr/25p 8hr/25p 8hr/25p 24hr/0p 24hr/0p 24hr/0p
c
£
_____ a.
p
a.
P P P P P P pm pm pm o o o
vo Tt—' O' VO Tj- —’ CM VO Tj- »—• <N
E Target Target Target 16s 16s 16s Target Target Target
24hr/l0 24 h r/10 24hr/10 24hr/10 24hr/10 24hr/10 24hr/25 24hr/25 24hr/25 E £ £
_____c è è ,
ppm ppm ppm ppm ppm ppm ppm ppm ppm rs <N <N
vO Tt —- <N VO Tj- — (N
F Target Target Target 16s 16s 16s Target Target Target
48hr/0p 48hr/0p 48hr/0p 48hr/0p 48hr/0p 48hr/0p 48hr/10 48hr/10 48hr/10 gcc
£
CXo.
£
a.a.
pm pm pm pm pm pm ppm ppm ppm c C
vo OC vO OO VO OO
G Target Target Target 16s 16s 16s
48hr/25 48hr/25 48hr/25 48hr/25 48hr/25 48hr/25
ppm ppm ppm ppm ppm ppm
H
Note: The target wells are highlighted in blue which varied for each plat set up according 
to different genes. 16s served as endogenous control for all qPCR reaction.
Each well was loaded with 2.0pL cDNA, l.OpL forward primer, l.OpL reverse 
primer, 10pL SYBR Green Master Mix (ABI Fast SYBR® Green Master Mix, CA), and 
6.0pL deionized water. The plate was covered with a 96 well adhesive cover (Applied
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Biosystems). A sealed plate was centrifuged in order to mix reagents and to remove air 
bubbles. A plate was then placed into the StepOnePlus™ system base and qPCR was 
performed with the reaction profile shown in table 7.
Table 7: qPCR Reaction Profile
Stage Function Temperature (°C) Time Cycles
1 Enzyme
Activation
95 10 minutes 1
Dénaturation 95 30 seconds
2 Primer 55 30 seconds 40
Annealing
Dénaturation 95 30 seconds
Melt Primer 55 1 minute 1
Curve Annealing
Melt Curve 
Analysis
95 3% increase
The fold-increase in chromosomal gene expression was calculated using CT values in 
order to perform comparative (ACT) analysis. The equation used was as follows: 
Delta-Delta Ct values = (Delta Ct experiment- Delta Ct control)
III Results and Discussion
1. Evaluation of SeCh on the toxicity of ZnCh in different systems: unicellular
procaryote SIU 625, unicellular eukaryote C. reinhardtii and mamallian cells (MRC-5 
and CHO cells)
1) The effect of ZnCh and ZnCh/SeCh on the growth and morphology of different 
systems
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a) Analysis of growth of SIU 625 in varying concentrations of ZnCh and ZnCh/SeCh
SIU 625 was grown for 25 days in various concentrations of ZnCh (0, 10, 25 and 
50mg/L) and respective concentrations of ZnCh with lmg/L of SeCh for the combination 
study. The growth was monitored by Turbidity method (OD at 750nm) and Direct count 
method using hemacytometer. Three repeating were implemented. A mean and standard 
deviation was calculated.
Omg/L ZnCh and Omg/L SeCh (control) increased growth continuously as shown 
in figure 13 and figurel4 respectively. lOmg/L ZnCh and lOmg/L ZnCh/lmg/L SeCh 
(figure 15 and figure 16) indicated that zinc is an essential micro element required for 
growth, and at lower concentration it does not have any adverse effect on the growth of 
SIU 625 and may enhance the growth slightly in the presence of SeCh. The growth was 
not as fast as observed in ZnCh alone may be due to that SeCh might be reducing 
availability for zinc and hence the growth was less in combination study. In addition, the 
cell count was much less in comparing with OD reading that may be due to the size of 
the cell in the combination treatment.
However, the cell count was not consistent with OD reading. Cell count was 
lower compare to OD reading under 1 Omg/L ZnCh and 1 Omg/L ZnCh/lmg/L Se02 
(figure 15 and figure 16). The growth was reduced in cells treated with 25mg/L ZnCh 
and 25mg/L ZnCh/lmg/L Se02 (figure 17 and figure 18) in comparison with control. In 
the presence of Se0 2 , a better growth was observed thus suggested that Se0 2  can reduce 
the toxicity of ZnCh in this concentration. Cells treated with 5Omg/L ZnCh inhibited the 
growth completely. However, a slow but significant increase in growth was observed in 
cells treated with 50mg/L ZnCh/lmg/L Se02 (figurel9 and figure 20).
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Figure 13: Mean growth of SIU 625 [Omg/L ZnCh and Omg/L SeCL (control)]
using OD750nm for 25 days. A linear increase was observed in growth of SIU 625.
Error bars represent standard deviation of the mean (n=3).
Figurel4: Mean growth of SIU 625 [(Omg/L ZnChand Omg/L SeCL (control)] 
monitored using hemacytometer for 25 days. A linear increase was observed in 
growth of SIU 625. Error bars represent standard deviation of the mean (n=3).
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Mean Growth of Synechococcus sp. IU 625 (lOmg/L ZnCl2 and 
lOmg/L ZnCl2/lnig/L  S e 0 2)
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Figure 15: Mean growth of SIU 625 (lOmg/L ZnCh and lOmg/L ZnCh/lmg/L 
SeCE) using ODysonm for 25 days. Error bars represent standard deviation of the 
mean (n=3).
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Figure 16: Mean growth of SIU 625 (lOmg/L ZnChand lOmg/L ZnCh/lmg/L 
SeCh) using hemacytometer for 25 days. Error bars represent standard deviation 
of the mean (n=3).
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Figure 17: Mean growth of SIU 625 (25mg/L ZnChand 25mg/L ZnCh/lmg/L 
SeCb) using OD750nm for 25 days. Error bars represent standard deviation of the 
mean (n=3).
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Figure 18: Mean growth of SIU 625 (25mg/L ZnCh and 25mg/L ZnCh/lmg/L 
Se02) using hemacytometer for 25 days. The result was similar to optical density 
result shown in figure 17. Error bars represent standard deviation of the mean 
(n=3).
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Figure 19: Mean growth of SIU 625 (50mg/L ZnChand 50mg/L ZnCh/lmg/L 
Se02) using OD750nm for 25 days. Error bars represent standard deviation of the 
mean (n=3).
Figure 20: Mean growth of SIU 625 (50mg/L ZnCh and 50mg/L ZnCh/lmg/L 
Se02) using hemacytometer for 25 days. Error bars represent standard deviation
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of the mean (n=3). This result was consistent with the growth result shown in 
figure 19.
The results indicated that 50mg/L ZnCh is lethal dosage for SIU 625 
growth (figure 19 and figure 20), in the presence of SeCh reduce toxicity of ZnCh. 
Comparison of growth in different concentrations of treatment are summarized in 
figure 21 and figure 22. As the concentration of ZnCh increased, the growth of 
SIU 625 decreased. 50mg/L ZnCh was toxic for SIU 625 and hence inhibited the 
growth completely (figure 21). SeC>2 helped to maintain the growth compare to 
just ZnCh treatment shown in figure 21. Overall growth was similar (as seen on 
day 22) in control, lOmg/L ZnCh, and25mg/L ZnCh treatment. However, the 
growth was much slower under 50mg/L ZnCh/lmg/L Se02 treatment. Thus, Se02 
helped the cells to reduce the stress of ZnCh significantly compare to ZnCh 
treatment at high concentration of ZnCh (50mg/L). This result suggested that S02 
is able to reduce the availability of ZnCh thus reduces the growth at 1 Omg/L 
ZnCh which is the concentration that enhance the growth of SIU 625. At higher 
concentration of ZnCh, Se02 is able to reduce the toxicity of ZnCh.
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Figure 21: Comparative optical density mean growth curve of SIU 625 (ZnCh) 
using hemacytometer for 25 days. Error bars represent standard deviation of the 
mean (n=3).
Comparative Optical Density Growth Curve of Synechococcus sp. 
IU 625 (ZnCI2/S e 0 2)
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Figure 22: Comparative optical density mean growth curve of SIU 625 
(ZnCh/SeCE) using OD750nm for 25 days. Error bars represent standard deviation 
of the mean (n=3).
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b) Morphology of SIU 625
b-1) DAPI stain of SIU 625 treated with various concentrations of ZnCh 
The morphology and integrity of DNA were observed with fluorescene 
microscope at 1000X at 12hours, 24hours, and 48hours as shown in Figure 23.
Figure 23: DAPI stain of SIU 625 at 12 hours, 24hours and day 3 uder various
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concentration of ZnCh treatment. A red arrow indicates Y shape, blue arrow 
indicates V shape, purple arrow indicate abnormal shape, while orange arrow 
indicates long filament shape DAPI stained DNA 
SIU 625 cells were found to undergo morphological change under the influence of 
heavy metal concentration starting from 24 hours to day 3. The cell morphology changed 
from short rod cell to slightly elongated. Morphological study indicated that the cells 
become longer at high concentration, and culture become pale green to almost colorless. 
Some V and Y sahpe (curved cells and cells with ectopic poles) DAPI stained DNA and 
some fragmnetations were observed in 25mg/L and 50mg/L ZnCh treated SIU 625 at 24 
hours and on day 3. The result suggested that 50mg/L was the lethal dosage for SIU 625, 
and altered cytoskeleton formation led to abnormal cell morphology, DNA fragmentation 
and damage.
b-2) DAPI stain of SIU 625 treated with various concentrations of ZnCh/SeCh 
The morphology and integrity of DNA were observed with fluorescene 
microscope at 1000X at 12hours, 24hours, and 48hours as shown in Figure 24.
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Figure 24: DAPI stain of SIU 625 at 12 hours, 24hours and day 3 uder various 
concentration of ZnCh and SeC>2 treatment. A red arrow indicates Y shape, blue
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arrow indicates V shape, while orange arrow indicates long filament shape DAPI 
stained DNA
SIU 625 cells were found to undergo morphological change under the influence of 
ZnCh treatment. The cells show long filament shape was observed at day3. Some Y and 
V shaped DAPI stained DNA were observed as well as some abnormal shapes (curved 
cells and cells with ectopic poles) were observed, but were less compare to ZnCl2 alone.
It seems that Se02 might be helping to keep the integrity of cells with ZnCh treatment,
c) Analysis of growth of C. reinhardtii in varying concentrations of ZnCl2 and 
ZnCl2/Se02
C. reinhardtii was grown for 25 days in various concentrations of ZnCl2 (0, 10, 25 
and 50mg/L ) and respective concentrations of ZnCl2 with lmg/L of Se02. The growth 
was monitored by Turbidity method (OD at 750nm) and Direct count method using 
hemacytometer. Three repeating were implemented. A mean and standard deviation was 
calculated. C. reinhardtii cells were very resistant to ZnCl2 treatment. lOmg/L and 
25mg/L do not affect the growth of the cells. At the 50mg/L of ZnCl2, the inhibition of 
growth was observed. At the concentration of lOmg/L and 25mg/L of ZnCl2 in 
combination with lmg/L of Se02, better growth of C. reinhardtii was observed. At higher 
concentration (50mg/L), no significant effect of Se02 on the toxicity o f ZnCl2 was 
observed. This suggested that Se02 has some antitoxicity effect on ZnCl2 treated C. 
reinhardtii cells at certain concentrations.
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Figure 25: Mean growth of C. reinhardtii [Omg/L ZnCh and Omg/L SeC>2 
(control)] using ODysonmfor 25 days. A linear increase was observed in the growth 
of C. reinhardtii. Error bars represent standard deviation of the mean (n=3).
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Figure 26: Mean growth of C. reinhardtii [(Omg/L ZnCh and Omg/L SeCh 
(control)] monitored using hemacytometer for 25 days. Inclusive linear increase 
was observed in the growth of C. reinhardtii. Error bars represent standard 
deviation of the mean (n=3).
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Figure 27: Mean growth of C. reinhardtii (lOmg/L ZnChand lOmg/L 
ZnCh/lmg/L SeC>2) using OD750nm for 25 days. Error bars represent standard 
deviation of the mean (n=3).
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Figure 28: Mean growth of C. reinhardtii (lOmg/L ZnChand lOmg/L 
ZnCh/lmg/L SeCh) using hemacytometer for 25 days. Error bars represent 
standard deviation of the mean (n=3).
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Figure 29: Mean growth of C. reinhardtii (25mg/L ZnCh and 25mg/L
ZnCh/lmg/L Se02) using OD750nm for 25 days. Error bars represent standard 
deviation of the mean (n=3).
Mean Growth of Chlamydomonas reinhardtii (25mg/L ZnCI2and 
25mg/L ZnCI2/lm g/L  Se02)
3.5 T
3
1 4 8 11 15 18 22 25
Days
■  Cell no. (x 10A7) 
25mg/L zinc 
chloride
■  Cell no. (x 10A7) 
25mg/L zinc 
chloride + 
lmg/L selenium 
dioxide
Figure 30: Mean growth of C. reinhardtii (25mg/L ZnCh and 25mg/L 
ZnCh/lmg/L SeCh) using hemacytometer for 25 days. Error bars represent 
standard deviation of the mean (n=3). The result was similar to optical density 
result shown in figure 29.
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Figure 31: Mean growth of C. reinhardtii (50mg/L ZnCh and 50mg/L 
ZnCh/lmg/L Se02) using OD750nm for 25 days. Error bars represent standard 
deviation of the mean (n=3).
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Figure 32: Mean growth of C. reinhardtii (50mg/L ZnCh and 50mg/L 
ZnCl2/lmg/L SeÛ2) using hemacytometer for 25 days. Error bars represent 
standard deviation of the mean (n=3). This result was consistent with the growth 
result shown in figure 31.
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Figure 33: Comparative optical density mean growth curve of C. reinhardtii 
(ZnCh) using hemacytometer for 25 days. Error bars represent standard deviation 
of the mean (n=3). As the concentration of ZnCh increased, the growth of C. 
reinhardtii decreased.
Comparative Optical Density Growth Curve of 
Chlamydomonas reinhardtii (ZnCl2/S e0 2)
8 Days15
....»....control
....M....10 mg/L zinc
chloride + 
lmg/L selenium 
dioxide 
25 mg/L zinc 
chloride + 
lmg/L selenium 
dioxide
" ” "^«“ 50 mg/L zinc 
chloride + 
lmg/L selenium 
dioxide
18 22 25
Figure 34: Comparative optical density mean growth curve of C. reinhardtii 
(ZnCh/SeCb) using OD750nm for 25 days. Error bars represent standard deviation 
of the mean (n=3).
50
Results indicated that C. reinhardtii cells were able to tolerate 50mg/L of ZnCh 
unlike SIU 625. This suggests that C. reinhardtii might have stronger heavy metal 
tolerant mechanism compare to SIU 625 which helps them to combat stress caused by 
zinc.
d) Morphology of C. reinhardtii
d-1) Microscopic observation of C. reinhardtii
Morphology of C. reinhardtii was observed after different concentration of ZnCh 
and ZnCk/SeCh at various time points (12 hours, 24 hours and 48 hours), atlOOOX 
magnification as shown in figure 35a, figure 35b and figure 35c.
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Figure 35b: Morphology of C. reinhardtii after 24 hours of different
concentration of ZnCh (on left) and ZnCh/SeCh (on right) at 1000X
J
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Figure 35c: Morphology of C. reinhardtii after 3days of different concentration 
of ZnCh (on left) and ZnCh/SeCh (on right) at 1000X 
As the concentration of ZnCh and time point increases, cells lose its green 
pigmentation and appear pale to colorless. In addition, some cells change color to dark 
brown as well (25mg/L and 50mg/L ZnCh) which indicated dead cells. 
d-2) DAPI stain of C. reinhardti treated with various concentrations of ZnCh and 
ZnCh/SeCh
The morphology and integrity of DNA were observed with fluorescene 
microscope at 1000X at 12 hours, 24 hours and day 3 as shown in figure 36a, 36b and 
36c.
55
56
50
m
g/
L
 Z
nC
U
 
25
m
g/
L
 Z
nC
h 
w
ith
 
25
m
g/
L
 Z
nC
h
lm
g/
L
 S
e0
2
57
Figure 36a: DAPI stain of Chlamydomonas reinhardti at 12 hours under various 
concentrations of ZnCh and ZnCh/SeCh treatment. A red arrow indicates 
decreased cell size or abnormal shapes; blue arrow indicates increase in size of 
the cell, while yellow arrow indicates brown pigmentation/dead cells.
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Figure 36b: DAPI stain of Chlamydomonas reinhardti at 24 hours under various 
concentrations of ZnCh and ZnCh/SeCh treatment. A red arrow indicates 
decreased cell size or abnormal shapes; blue arrow indicates increase in size of 
the cell, while yellow arrow indicates brown pigmentation/dead cells.
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Figure 36c: DAPI stain of C. reinhardti at Day 3 under various concentrations of 
ZnCh and ZnCh/SeCh treatment. A red arrow indicates decreased cell size or 
abnormal shapes; blue arrow indicates increase in size of the cell, while yellow 
arrow indicates brown pigmentation/dead cells.
As the concentration of ZnCh and time point increases the cell loses its green 
pigmentation and appears light green. The dead cells change color to dark brown (at 12 
hours under 25mg/L and 50mg/L of ZnCh treatment and at 24 hours under 25mg/L ZnCh 
treatment). On the other hand, cells treated with ZnCh/Se02 do not change pigmentation 
to brown and the cultures maintain green pigment. A cell with brown pigmentation (after 
DAPI stain) represents dead cells that are not visible under fluorescence light. In DAPI 
stained DNA, demargination was observed in these various conditions,
e) Antioxidant effects of Se02 upon exposure to ZnCh and WTC particulate matter in 
mammalian cells
e-1) Proliferation assay was carried out to study effect of ZnCh, ZnCh/Se02, WTC dust, 
and WTC dust/Se02 on mammalian cells.
MRC-5 (figure 37a) and CHO (figure 38a) cells were grown in MEM with 10% 
fetal bovine serum and 1% PSKG at 37°C and 5% CO2. Absorbance of this colorimetric 
assay was recorded at 490nm. Mean and SD was calculated (n=3). In presence of 
dehydrogenase enzyme, MTS tetrazolium is reduced to formazan in healthy, viable cells 
which is measured to assess cell viability (Promega, 2009).
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CHO cells, 1000X MRC- $ cells, 1000X
Figure 37a: CHO cells (on left), and figure 38a: MRC-5 cells (on right) at 1000X
As the WTC concentration increased, cell viability deccreased due to the stress of 
WTC dust in CHO cells. Se02 helped to increased cell viability in CHO cells when 
combined with all the concentration of WTC (1.25ppm, 12.5ppm and 125ppm) by about 
3.59%, 26.16% and 67.76% respectively as shown in figure 37b. There was no significant 
diference in vibality in cells treated with 1.25ppm of WTC dust and 1.25ppm 
dust/0.125ppm Se02 which indicated that lower concentration of WTC dust did not 
damage the cells and hence cells were able to tolerate lower concentration of WTC dust 
or cells were able to repair minor stress to the cells. 0.125ppm Se02 increases cell 
viability in 25 and 50ppm ZnCh treated CHO cells by 25.25% and 12.26% respectively 
(figure 37b). The reduction in proliferation in response to ZnCh or toxic matters may 
suggest decreased cell viability and possible growth inhibition due to cell damage, 
mutation, or cell death.
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Figure 37b: Graphical analysis of potential antioxidant effect of SeC>2 on CHO 
cells. Error bars represent standard deviation of the mean (n=3).
There was no significant diffece in cell viability was observed in MRC-5 cells 
between WTC or WTC/SeCh treated cells. SeC>2 increased viability in MRC-5 cells 
treated with 25mg/L significantly (about 37.85%) and with 50mg/L ZnCh (about 
12.27%) as shown in figure 38b.
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Figure 38b: Graphical analysis of potential antioxidant effect of SeC>2 on MRC-5 
cells. Error bars represent standard deviation of the mean (n=3). 
e-2) Apo-Tox Glo Triplex assay (viability, cytotoxicity, and apoptosis) to study effect of 
ZnCh, ZnCh/SeCh, WTC dust, and WTC dust/SeCh on mammalian cells
MRC-5 and Vero cells were used to perform Apo-Tox Glo Triplex assay in order 
to study viability, cytotoxicity and apoptosis as shown in figure 39 to figure 44 
respectively under various conditions (ZnCh, ZnCh/SeCh, WTC dust, and WTC 
dust/SeCh).
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Figure 39: Graphical analysis of potential antioxidant effect of SeC>2, Apo-Tox 
Glo Triplex assay-viability assessment. Error bars represent standard deviation of 
the mean (n=3).
Se02 increased viability in MRC-5 cells treated with 1.25ppm of WTC/0.125ppm 
of SeC>2 12.5ppm of WTC/0.125ppm, 12.5 ppm of ZnCb/0.125ppm of SeCb, 25ppm of 
ZnCb/0.125ppm of Se02, and 50ppm of ZnCb/0.125ppm of Se02. SeC>2 does not help 
cells when treated with 125ppm of WTC dust indicating that 125ppm of WTC is toxic for 
MRC-5 cells and inhibits growth even in the presence of SeCb.
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Antioxidant effects of Se02 upon exposure to ZnCI2 and WTC 
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Figure 40: Graphical analysis of potential antioxidant effect of SeC>2 on Vero 
cells, Apo-Tox Glo Triplex assay-viability assessment. Error bars represent 
standard deviation of the mean (n=3).
Se02 increased viability in Vero cells treated with 1.25ppm of WTC/0.125ppm of 
SeC>2 12.5ppm of WTC/0.125ppm. SeC>2 does not help protect cells when treated with 
125ppm of WTC dust indicating that 125ppm of WTC is toxic for MRC-5 cells and 
inhibits growth even in the presence of SeCh. In addition, ZnCh/Se02 treated Vero cells 
did not show significant difference in cell viability.
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Figure 41: Graphical analysis of potential antioxidant effect of SeCb on MRC-5, 
Apo-Tox Glo Triplex assay-cytotoxicity assessment. Error bars represent standard 
deviation of the mean (n=3).
Se02 decreased cytotoxicity in MRC-5 cells treated with high concentration of 
WTC dust (50ppm of WTC/0.125ppm of SeCb, 125ppm of WTC/0.125ppm), and 12.5 
ppm of ZnCb/0.125ppm of SeCb. SeCh did not help to decrease cytotoxicity at higher 
concentration of ZnCh treatment (25 and 50ppm of ZnCh).
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Figure 42: Graphical analysis of potential antioxidant effect of SeC>2 on Vero 
cells, Apo-Tox Glo Triplex assay-cytotoxicity assessment. Error bars represent 
standard deviation of the mean (n=3).
SeC>2 did not have any significant beneficial effect on Vero cells treated with 
WTC dust/Se02 or ZnCh/SeCh. Se02 slightly decreased cytotoxicity in cells treated with 
125ppm of WTC/0.125 Se02.
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Figure 43: Graphical analysis of potential antioxidant effect of Se02 on MRC-5, 
Apo-Tox Glo Triplex assay- apoptosis assessment. Error bars represent standard 
deviation of the mean (n=3).
Se02 did not have any significant antioxidant effect on MRC-5 cells treated with 
WTC dust/Se02. SeC>2 decreased apoptosis in MRC-5 cells treated with lower 
concentration of ZnCb (12.5ppm of ZnCh/0.125 SeCb). There was no significant 
difference in apoptosis in cells treated with 25ppm of ZnCh/0.125 SeCb.
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Figure 44: Graphical analysis of antioxidant effect of SeCh on Vero cells, Apo- 
Tox Glo Triplex assay- apoptosis assessment. Error bars represent standard 
deviation of the mean (n=3).
SeC>2 decreased apoptosis in Vero cells treated with 1.25ppm, 50ppm and 125ppm 
of WTC dust/0.125ppm SeCk. SeCk decreased apoptosis in Vero cells treated with all 
various concentration of ZnCk (12.5ppm, 25ppm and 50ppm of ZnCk/0.125 SeCk). This 
indicated that SeC>2 protects Vero cells against WTC dust and ZnCh toxicity and hence 
decreases apoptosis level vary significantly.
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2. Bioinformatics analysis of zinc tolarent genes in SIU 625
Some of the zinc tolerant genes have been identified in S. elongatus PCC 7942 
and shown in table 9. The family of the proteins coded by the genes and their potential 
functions have been proposed based on their family and especially the domains that those 
gene products contain helps to propose their function. The Bioinformatics analysis of 
putative chromosomal zinc tolerant and related genes in SIU 625 is based on sequenced 
and published genome of S. elongatus PCC 7942, a very similar species to SIU 625. The 
genome of S. elongatus PCC 7942 is completely sequenced and genome map is shown in 
figure 45. Many putative search, protein sequences and proposed protein structure based 
on amino acid sequences using various data bases and bioinformatics tools is included in 
proteomics section (2) in detail.
1) Genomics of putative zinc tolerent genes in SIU 625 based on S. elongatus PCC 
7942
The genome map of S. elongatus PCC 7942 was retrieved from NCBI data base which 
indicates the length of the genome of S. elongatus PCC 7942 as shown in figure 45.
Figure 45: Genome map S. elongatus PCC 7942 retrieved from NCBI 
The name of putative zinc tolerant and related genes and other genes in nearby region, 
their function, and location in S. elongatus PCC 7942 is shown in table 8.
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Table 8: Location of putative zinc tolerant and related genes and other genes in 
nearby region S. elongatus PCC 7942
Location Name and function of the gene Strand Direction 
5' to 3'
357549-359732 Sulfate transporter (s t) +
382303-383454 Chromate transporter +
676942-677967 Potassium channel protein +
678881-680548 GROEL +
680978-682138 FO synthase subunit 2 + ->
1144390-1145223 ABC transporter permease - c-
1157413-1157931 Cation transporter (ct) - <r
1202102-1203865 Oligopeptide binding protein of 
oligopeptide ABC transporter
- <r
1293542-1294939 Magnesium transporter protein + ->
1627206-1629449 Heavy metal translocating P- type 
ATPase [hmtA)
- <r
1630063-1630872 MIP family channel protein
+
2385395-2385808 ATP synthase F0F1 subunit epsilon + ->
2386204-2388576 Syn A heavy metal translocating P- type 
ATPase [ShmtA)
-
2388749-2389375 Hypothetical protein + ->
The sequences of the following selected genes are hypothesized to be zinc tolerant shown
in table 9. The nucleotide sequences of these genes were retrived from genebank, NCBI. 
According to conserved domain database (NCBI database) hmtA and ShmtA are cystein 
rich that has high affinity to bind metals and are involved in heavy metal tolerence and 
are conserved in synecococcus genus. GroEL is a stress protein found in prokaryotes and 
eukaryotes. Ct is thought to involved in transport of cations. The location, name, 
functions and directions of transcription of the genes are shown in table 9.
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Table 9: Location of putative zinc tolerant and related genes of 
interest in S. elongatus PCC 7942
Location Name and function 
of the gene
strand Direction 
5’ to 3’m357549-359732 st + ->
B 678881-680548 groEL + ->
C 1157413-
1157931
ct -
D 1627206-
1629449
hmtA «-
E 2386204-
2388576
ShmtA c-
The nucleotide sequences of all these gnes (st, groEL, ct, hmtA, and Shm tA ) shown in 
table 9 are as follows: 
a) st
>gi|81298811:357549-359732 Synechococcus elongatus PCC 7942 chromosome, complete 
genome.NC_007604.1
ATGGCGTGGGTAGGGCAACGGCTGATCGCTGATCTGAAGTCAGCACCGTTGCGCAACATCTTGGCAGGAC
TTGTCTCAGGTCTATTGCTACTGGGTGAAAACATTTCTGCCGGCTTGCTGATATATAGCAATGTCCTGAG
TCCCTACTTGGCTTCAGGTCTGGCAGCACTCTTGATCAGTACGGCCTGTCTCAATTTTTTTGCTGTGAAT
CGCCGTGGGTTGCCCTACGGTTTGGCGACGCCGGACTCACGGATCTACTCTTTGTTGGCTGTGATCGCCG
CAGCCATCAGTCAGTCAGAAGCCTTGGCAGACACCCGCATGTTGGGCGTGACCCTGTTGATCTACTGGGT
TGTGGCCACAGCCTGTATTGGGGTGGCGCTTTGGTTAATGGGTCGCTGTGGAATTGGCGAATGGTTGCGC
TACATTCCGTACCCGGTTGTGGGGGGCTTTTTAGCGGCGACGGGTTGGCTGCTACTGACCGGGGGGCTGA
ATGTTGCCTTGGGCTTCAAGATTTCTGGGGCAACCTTAGAACGCCTCTGGAGCGTGGATTCGGCTGCCAA
AATCCTGGTTGCAGTCGTCTTTGGCTTGTTGCTCTGGCAATTGGGCACGCGATCGAAGCGTGTTTGGATT
ACGCCAGTCCTGCTGCTAGCTGGCTTGGTAGGTGCACAGTTGGTGCGGGTTGGTTTGGGCTACTCCCTTG
CAGAGGCAGCGCAATTCGGCTGGTTTTTGCCGCCGCTTGCCCCTCGCATCGTCTTCTTTTGGGATTGGCC
CCGAATTCCTAGCATCGACTGGGCTTTGCTGCTGCCGCAGATTGCCCTGATCCCAGTTCTGATTTTGCTG
GCGGCAATCTCGCTAACGCTCAATCTCAGTAGCCTCGAAAACGTTGAAAAACGAGAGCTGGATCTCAATC
AGGAATTGCAAAGAACGGGGCTTGCAAACCTGATTATGTTGCCGTTCGGGGGCTTTTCCCCCGGCTTACT
CTCCGGTAGCCGCAGTACCTTAAACCGCTTGGCTGGTGCCTCAACTCCTCTGGCGGCTGGGGTTGCTGCG
GTTCTAATGTTGATTGCGATCGCCCTTGGAGACTTAGCGTCTTGGTTGTGTAAGCCCATCTTGGCGGGTC
TCCTGGTTAACATCGGATTGGTCTACATCGATCGCTGGGTGTTTCGCTCGATTCGACTGCTACCTCAACG
GGAATATTGGGTTACGATCGCGATTTTAGGTATTAGTATTGTCGGAGGATTTCTAGAGGCAATTACCGCC
GGCATTGTTTTCAGTAGCTTGACCTTTGTTGTTAGTTATTGTCGTGCTCCTGCCATCCGATCAATGGCGA
CTGGTGCCTATCTCCACAGCAATATTGAGCGGGTAGAAACGCAACAATCAATTCTGCGGCGGCGCGGTGC
TGTGCTCCAAGTGGTGTCGCTCCAAGGCTACCTATTCTTTGGAACGGCTCGCCGGATTGTGTCAACAGTT
CGCGATCGCCTGCAGCAAAGTAAAGTTTCAATCAACTTAGTGCTGTTGGACTATCAAGCCGTGACAGGAG
CGGATTCCTCAACGGCTGAAGTCTTCAGCCGCTTTGCCGTGGAATTGCAAGCGCAATCGATTCAACTTTG
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GGTGGCGGCGATCGCCAGCGACTATCAGAAACCCCTGCGACCATTTTTGCAGCTACTACCCGAGCATCAG
CAATTTCCTGATTTGAATACAGCCTTACAAGCTGCGGAAGCCAAACTGCTGGATCAGTATGCAAGACGGC
CCAAAAGTTTACCGTTTGCTTTGCTCTTACCAGAATTATTAGCACTTCCCGATGACTGTGATGTCCCACT
GCAGTTCTGGCAGCGATCGCAACTGAAAGACGGTGAAGTGCTCTATCAACAGGGCGATCGCGCGGATACT
ATTTACTGGCTAGAACGCGGTGAATTGCATCTGCAAGCCACTGAGGCATGGGATGCCCGTCAAGTGCTGG
CAGGCAGCCCCTGCGGTGAACTCGCGTTTTTACGCGGAGATACCCAGCCTCAAACAGCGATCGCCGTGGG
TCGATGTATGGTCTACGGGCTAAACCGTGCGGCTTTGACTGAACTTGAGGCCAGCTATCCCACTGTTGCG
ATCGCGCTCTACCGTTGGCTACTGCACCGCCAGAGTGAGCAATTGCAGGATCAACAACTGCGGCAGCACT
ACTTGCAGGCCTAG
b) groEL
>gi|81298811:678881-680548 Synechococcus elongatus PCC 7942 chromosome, complete 
genome.NC_007604.1
ATGGCTAAGCTGATCCTGTTTCACGAAGACTCCCGCCAAGCTCTTGAACGGGGAGTCAACGCCCTCGCGAA
TGCTGTCAAGGTGACTTTGGGCCCCCGCGGACGTAACGTCCTGCTCGAGAAAAAGTTTGGGGCACCTGAAA
TCATCAATGATGGCGTCAGCATCGCCAAAGAAATTGAACTGGAAGATCCCCACGAGAATGCAGGGGCTCGC
CTTGTTCAGGAAGTTGCCGCCAAGACTAAAGAGATCGCAGGCGACGGTACCACGACTGCAACTGTGCTGGC
TCAGGCGATCGTGCGGGAAGGCTTGACCAACGTGGCCGCTGGTGCCAACCCGATCGTGCTGCGTCGTGGCA
TTGAAAAAGCAGTGGCAACCTTGGTGGAAGCGATCGCTGCTAAAGCGCAACCCGTGGCGGATGAGGCGGCC
ATCCGCTCGATCGCTGCGGTGTCGGCGGGCAACGACGATGAAGTCGGCCAAATGATTGCCGATGCTGTGGC
TAAGGTCACCAAAGACGGCGTGATCACGGTTGAGGAATCAAAATCTCTGGCGACGGAACTAGAAGTTGTCG
AAGGGATGCAGTTCGACCGCGGCTACCTCTCGCCCTACTTCGTCACCGACCAAGATCGGCAGGTCGTGGAG
TACGACAATCCGCTCATCCTGCTGACGGACAAAAAAATTGCCTCGATTCAGGATCTGGTGCCGGTTCTGGA
AGATGTGGCCCGTGCCGGTCGTCCGCTGCTGATCATTGCTGAAGACATCGAAGGCGAAGCCTTGGCAACCC
TCGTGGTCAACAAAGCCCGTGGTGTCCTCAACACCGTCGCAGTCAAAGCGCCTGCCTTTGGCGATCGCCGT
AAAGCCATCCTGCAAGATATTGCCGTGCTGACTGGCGGTCAGGTCATTTCCGAAGAAGTCGGCCTCAGCTT
GGCCGATGCCAACAGCAGCGTCCTCGGCAAGGCCCAAAAGATCACGATCAGCAAAGACACCACGATCATCG
TGGCAGGCGATGAGAACAAAGCTGATGTGGCTGCTCGCATCGCTCAAATCCGCCGCAGTCTGGAAGAAACT
GACTCGGACTACGATCGCGAGAAACTGCAAGAGCGCATCGCCAAATTGGCGGGCGGCGTGGCTGTGATCAA
AGTCGGCGCGCCGACCGAGACTGAGCTGAAAAACCGCAAGCTGCGCATTGAAGATGCCCTCAATGCCACCC
GTGCTGCGATCGAAGAAGGGGTTGTGCCCGGCGGTGGGACGACGCTACTGCACCTCGCCAGTGCCTTGACC
TCACTGCAAGCGTCGCTGACCGTGGCTGACGAAAAACTGGGTGTGGAAATCGTGGCCCGTGCCCTCGAAGC
TCCCCTGCGTCAGATCGCGGACAACGCCGGTGCTGAAGGTTCTGTCGTCGTCGAAAAACTGCGGGACAAAG
ACTTCAACTTTGGCTACAACGCCCTGACAGGCCAATACGAAGACCTCGTGGCTAGCGGCATTCTCGATCCG
GCCAAAGTGGTGCGATCGGCACTGCAAGATGCGGCATCCGTCGCCTCGCTGATTCTGACGACTGAAGTCTT
GGTTGTCGATCAGCCCGAGCCGGAGCCGGCAATGCCTGCTGGCGGTGACATGGGCGGTATGGGTGGCATGG
GTATGCCGGGAATGGGCGGTATGGGCATGATGTAG
c) Ct
>gi|8129881 l:cl 157931-1157413 Synechococcus elongatus PCC 7942 chromosome, complete genome
ATGGCAAGCGCACCTTGGGTTTTTGCCTATGGCTCACTGATCTGGCGACCTGATTTTGCTTGGCAGGATCG
CCAGCCTGCGGTGCTTCGCGGTTGGAAGCGGCGCTTTTGGCAACTGTCTACAGATCACCGCGGTACGCCCA
GCCAACCTGGACGGGTTGTGACCTTGGTTCCAGATGCACAAGCGGAATGCGTAGGAGTAGCGTTTCAGCTC
ATGGGTGACGTGGGTGCTATCCTCACGGCGCTCGACTATCGCGAGAAAGATGGTTATGACCGTCAAGAACT
GGTGATTGAACTGCAGGATCAACGACAGGTCACAGCGATCGTCTACGTTGCGCAAGCTCAGAATCCGCGCT
TTGCTGGCCCAACCCCTGTCCCTGCGATCGCTGATCAAGTGCGACGCAGCTATGGCCCTAGTGGCAGTAAC
GCCGAGTATGTACTGCGACTCGACCAAGCGCTAACAGCTTTGGGCTGGGAAGACCCCCATGTGCGAGCGAT
CGCCAATCTTGTGGCAGCCTGA
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d) hmtA
>gi|81298811x1629449-1627206 Synechococcus elongatus PCC 7942 chromosome, complete genome. : 
NC_007604.1
ATGGTCAATCAGCAAACTCTGACGCTGCGAGGCATGGGCTGTGCTGCTTGTGCGGGTCGTATTGAAGCCC
TCATTCAGGCATTGCCGGGGGTGCAGGAGTGCAGCGTCAATTTTGGTGCAGAGCAGGCGCAGGTCTGCTA
TGACCCCGCTTTGACTCAGGTGGCAGCGATTCAGGCCGCTATTGAGGCTGCAGGCTACCACGCTTTTCCC
CTCCAAGACCCCTGGGATAACGAAGTTGAAGCGCAGGAGCGGCATCGCCGTGCCCGATCGCAACGGCAAT
TGGCCCAGCGAGTGTGGGTGAGTGGACTAATCGCCAGCTTATTGGTGATTGGCTCGCTGCCGATGATGCT
AGGCATCTCAATTCCAGGCATTCCCATGTGGCTGCACCATCCTGGGCTCCAACTGGGGCTGACGCTACCG
GTGTTGTGGGCGGGGCGGAGTTTCTTCATCAATGCCTGGAAAGCCTTCCGTCAAAACACCGCCACGATGG
ATACCTTGGTGGCAGTGGGAACCGGTGCCGCCTTCCTCTACTCCTTAGCAGTCACCCTGTTTCCCCAGTG
GTTAACCCGTCAGGGGCTGCCGCCGGATGTCTACTACGAAGCGATCGCGGTGATCATTGCCCTGCTGTTA
CTGGGGCGATCGCTCGAGGAGCGTGCCAAGGGGCAGACCTCCGCCGCGATTCGGCAGTTAATTGGCTTGC
AGGCCAAAACTGCGCGAGTACTGCGCCAAGGCCAGGAACTCACCCTGCCAATTACGGAAGTTCAAGTAGA
GGACTGGGTGCGGGTTCGACCTGGGGAAAAAGTTCCAGTCGATGGTGAGGTTATCGATGGACGGTCGACC
GTGGATGAGTCGATGGTCACGGGTGAAAGTCTACCTGTCCAGAAACAAGTCGGCGATGAGGTGATTGGCG
CCACCCTCAATAAAACTGGCAGCTTGACGATACGGGCGACTCGGGTTGGCCGTGAAACTTTTCTGGCACA
GATTGTCCAACTCGTGCAGCAGGCGCAAGCTTCCAAAGCCCCGATTCAGCGCTTGGCGGATCAAGTGACA
GGCTGGTTTGTGCCAGCGGTGATTGCGATCGCCATCCTCACCTTTGTGCTCTGGTTTAACTGGATAGGCA
ACGTGACCTTAGCCCTGATCACGGCGGTTGGTGTCCTGATCATTGCCTGTCCCTGTGCGTTAGGGCTGGC
AACCCCGACCTCCATCATGGTCGGAACAGGCAAAGGCGCTGAGTACGGCATTTTGATTAAAAGTGCCGAG
AGCTTGGAGCTGGCGCAAACAATTCAGACCGTCATCCTCGATAAAACCGGCACTCTCACCCAAGGACAGC
CCAGTGTCACTGATTTTCTGGCGATCGGCGATCGCGACCAACAGCAAACCCTACTCGGTTGGGCAGCAAG
TCTTGAGAACTACTCCGAGCATCCTTTAGCTGAAGCGATCGTTCGCTATGGCGAAGCTCAAGGAATCACA
CTCTCGACTGTCACGGACTTTGAGGCCATTCCTGGCAGTGGTGTTCAGGGTCAGGTTGAAGGCATCTGGC
TCCAGATTGGCACTCAGCGCTGGCTTGGTGAATTGGGTATTGAAACCTCTGCTCTACAGAATCAGTGGGA
AGACTGGGAAGCTGCAGGCAAAACCGTAGTCGGGGTCGCCGCTGACGGTCACCTGCAAGCAATTCTCAGC
ATTGCCGATCAGCTCAAACCCAGCTCAGTCGCCGTGGTGCGATCGCTGCAACGACTGGGACTACAGGTCG
TCATGCTGACAGGCGATAACCGCCGCACCGCAGACGCGATCGCCCAGGCCGTGGGTATTACTCAAGTCCT
CGCAGAAGTGCGACCCGACCAAAAAGCAGCCCAGGTCGCCCAGCTCCAAAGTCGCGGTCAAGTCGTAGCG
ATGGTCGGGGATGGCATCAATGACGCACCGGCACTAGCCCAAGCGGATGTGGGGATTGCCATTGGCACTG
GAACGGATGTTGCGATCGCCGCTAGTGACATCACCTTGATTTCCGGTGACCTGCAGGGCATCGTCACGGC
GATTCAGCTCTCCCGCGCCACGATGACCAACATTCGTCAGAATCTCTTCTTCGCCTTCATCTACAACGTT
GCCGGTATTCCCATTGCAGCAGGTATCCTCTACCCCCTGCTGGGTTGGTTGCTTAGCCCGATGCTGGCCG
GCGCTGCCATGGCCTTTAGCTCTGTCTCAGTGGTGACTAATGCCCTACGACTACGCCAGTTTCAGCCTCG
CTAA
e) ShmtA
>gi|81298811x2388576-2386204 Synechococcus elongatus PCC 7942 chromosome, complete genome. 
NC_007604.1
ATGCCTGCTGCGATCGTCCATTCCGCTGATCCTTCATCCACATCAATTCTGGTGGAAGTGGAAGGGATGA
AATGTGCAGGCTGTGTCGCAGCAGTGGAACGCCGCTTGCAACAGACCGCAGGTGTGGAAGCGGTCAGCGT
CAATTTAATTACGCGCCTTGCCAAAGTTGATTACGATGCGGCACTGATTGAGGACCCAACTGTCCTAACA
ACGGAAATCACCGGCTTGGGCTTTCGGGCGCAGTTGCGGCAGGACGACAATCCGCTGACGCTGCCGATCG
CTGAGATCCCACCCCTGCAACAGCAGCGCTTACAACTGGCGATCGCGGCTTTTCTCCTGATTGTTTCCAG
TTGGGGGCACCTGGGGCACTGGCTCGACCATCCCTTGCCGGGCACCGATCAGCTGTGGTTTCACGCGTTG
CTGGCGACTTGGGCCTTGCTAGGGCCGGGACGCAGCATTTTGCAAGCGGGCTGGCAGGGCTTGCGCTGTG
GCGCACCGAATATGAATAGCTTGGTGCTGCTGGGCACCGGTAGTGCTTATCTGGCAAGTTTGGTGGCGTT
GCTCTGGCCGCAGCTAGGCTGGGTCTGTTTTTTTGATGAGCCCGTGATGTTGCTGGGCTTCATTTTGCTG
GGGCGAACCTTGGAGGAGCAGGCACGTTTCCGCAGTCAGGCTGCTTTGCAAAACCTTTTGGCTTTGCAAC
CAGAAACGACGCAGTTGCTGACAGCACCCAGCTCGATCGCTCCCCAAGATCTCCTCGAAGCACCGGCTCA
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GATTTGGCCGGTCGCCCAATTGCGGGCGGGTGACTACGTCCAGGTGCTGCCCGGCGATCGCATTCCGGTG
GATGGTTGCATCGTTGCAGGCCAGAGCACTTTGGATACAGCGATGCTGACGGGAGAACCACTACCGCAAC
CTTGTCAGGTGGGCGATCGCGTCTGCGCAGGGACGCTGAACCTCAGCCACCGCTTGGTGATTCGGGCCGA
ACAAACTGGTAGTCAAACTCGACTGGCGGCAATCGTGCGGTGTGTGGCGGAGGCACAGCAACGGAAAGCC
CCAGTCCAGCGGTTTGCGGATGCGATCGCGGGTCGCTTCGTCTACGGCGTTTGTGCGATCGCGGCGCTGA
CCTTTGGCTTTTGGGCAACGCTGGGCAGCCGCTGGTGGCCGCAGGTTCTGCAGCAGCCTTTACCGGGTCT
GCTAATCCACGCGCCCCATCACGGCATGGAAATGGCGCACCCCCACAGTCATTCACCGCTGCTGCTGGCG
CTGACCTTGGCGATTAGTGTGTTGGTCGTAGCTTGTCCTTGTGCCCTAGGTTTAGCCACGCCGACGGCCA
TCCTCGTCGCAACAGGACTTGCCGCTGAACAGGGCATCTTGGTGCGCGGTGGTGATGTGCTAGAACAGTT
GGCGCGAATTAAGCACTTTGTCTTCGATAAAACTGGAACCCTGACCCAAGGTCAATTTGAGCTGATCGAG
ATTCAACCCCTAGCGGATGTGGATCCCGATCGCCTCCTGCAATGGGCCGCTGCCTTAGAAGCTGATAGTC
GACATCCTCTGGCGACCGCCCTACAAACAGCAGCTCAGGCAGCGAATCTGGCACCGATCGCAGCCAGCGA
TCGCCAGCAAGTGCCGGGTTTGGGCGTCAGCGGGACTTGTGACGGGCGATCACTGCGTCTGGGCAATCCC
ACTTGGGTACAAGTCGCTACAGCCAAGTTACCGACTGGTTCTGCTGCTGCAACATCAATCTGGCTGGCTG
ATGATCAGCAACTCCTGGCCTGCTTCTGGCTGCAAGATCAACCGCGCCCCGAAGCGGCAGAAGTTGTCCA
AGCCCTGCGATCGCGGGGGGCAACCGTGCAAATCCTTAGTGGCGATCGCCAAACAACAGCCGTGGCCCTC
GCTCAGCAGCTTGGACTTGAATCGGAGACTGTAGTTGCAGAAGTGCTGCCCGAAGATAAAGCGGCGGCGA
TTGCTGCTCTCCAATCACAAGGCGATGCTGTGGCCATGATCGGTGATGGCATTAATGACGCACCCGCCCT
TGCGACTGCCGCAGTCGGGATCAGTCTGGCCGCCGGCAGCGACATTGCCCAAGACAGTGCGGGCTTACTG
CTCAGCCGCGATCGCCTTGATAGCGTTCTGGTGGCTTGGAATTTGAGCCAAATGGGACTGCGGACGATTC
GCCAAAACCTAACTTGGGCGCTGGGCTACAACGTGGTGATGTTGCCTTTGGCAGCGGGTGCCTTCTTGCC
GGCCTACGGTCTAGCACTGACCCCCGCGATCGCCGGGGCTTGTATGGCTGTCAGTTCCCTCGCCGTTGTT
AGTAATTCGCTATTGCTGCGCTACTGGTTCCGGCGATCGCTCAACCATTCAGTTTCTGTCTGA
Gene map of S. elongatus PCC 7942 indicates the location of published and 
sequenced genes involved in zinc tolerant in S. elongatus PCC 7942 in figure 46.
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Synechococcus elongatus PCC 7942 chromosome, complete genome
gt181298811jref|NC_007604 1|
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Figure 46: Gene map of putative zinc tolerant and related genes of interest in S.
elongatus PCC 7942 indicating location across genome (URL: http://tinvurl.com /m yp8sqz)
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The map of selected putative zinc tolerant and related genes was prepared that 
shows their relative location and distance among those genes on chromosomal genome of 
S. elongatus PCC 7942 shown in figure 47.
Figure 47: Map of putative zinc tolerant and related genes: st, groEL, ct, hmtA 
and ShmtA respectively in S. elongatus PCC 7942.
2) Proteomics of putative zinc tolerent and related genes based on S. elongatus PCC 
7942
The protein sequences of S. elongatus PCC 7942 are published. The size of the 
genome, GC % content, total number of genes and proteins are shown in table 10.
Table 10: Published protein sequence of £  elongatus PCC 7942
Organism BioProje
ct
Assembl
y
Stat
us
Ch
our
s
Plasmi
ds
Siz
e
GC
%
Gen
e
Prote
in
Synechococc 
us elongatus 
PCC 7942
PRJNA58
045,
PRJNA10
ASM125
2vl
m 1 1
2.
74
55
.5
LOc-H
r\T 2,
66
2
645
80
The function, accession ID for nucleotide sequences, Gene ID, protein sequence 
length, and a link to protein structure of selected putative zinc tolerant and related genes
in S. elongatus PCC 7942: st, groEL, ct, hmtA and ShmtA in are shown in table 11.
Table 11:1
ihm„atu.s i
,JCO<
on ID for nucleo tide  sequence  , . . .
.native genes invo lved  in zinc
s, p ro te in  sequence.
transport in  X.
. | |  : : J
A c c è s S ta S to p S t G e n L o c u s  ta g P ro te i L e COG P ro t S t r P ro te in
sion rt ra e lD n ngt (s) ein uct nam e
n p ro d u h c lu st u re
d ct (a. ers
a)
NC 00 162 16294 3774 Sy n p cc7 9 4 Y P  40 747 C O G 2 C L S ♦ heavy
7604.1 720 49 994 2_1570 0587.1 217P K276 metal
6 7371 tran sloca  
ting P- 
type  
A T P a se
NC 00 238 23885 3774 S y n p cc7 9 4 Y P  40 790 C O G 2 C L S ♦ heavy
7604.1 620 76 600 2_2317 1334.1 217P K743 metal
4 841 tran sloca  
ting P- 
type  
A T P a se
N C 00 115 11579 3775 S ynpcc7942 Y P  40 172 C O G 3 C LS K cation
7604.1 741 31 085 _1135 0152.1 703P 9327 transporte
3 63 r
N C  00 357 35973 + 3774 S ynpcc7942 Y P  39 727 COGO C LS K ♦ sulfa te
7604.1 549 2 887 _0366 9385.1 659P 2297 transporte
963 r
N C 00 678 68054 + 3775 Synpcc7942 Y P  39 555 COGO PRK1 ♦ groE L
7604.1 881 8 855 _0685 9704.1 4 5 9 0 2849 gene
product
The structures of proteins sequences selected for bioinformatics study were prepared 
using Conserved Domain Database, NCBI to search domains involved in heavy metal
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tolerance, a cartoon images and membrane topology showing transmembrane location 
were prepared using MEMSAT and TMHMM Server 2.0, while protein-protein 
interaction map was prepared using STRING database as shown in figure 48 to figure 
54. The protein sequences, predicted protein structures, possible membrane topology, 
and protein -  protein interaction map of selected putative zinc tolerant and related 
genes in S. elongatus PCC 7942 (,st, groEL, ct, hmtA and ShmtA) are as follows:
a) Protein sequence: st
>gi|81299177|ref|YP 399385.11 sulfate transporter [Synechococcus elongatus PCC 7942]
MAWVGQRLIADLKSAPLRNILAGLVSGLLLLGENISAGLLIYSNVLSPYLASGLAALLISTACLNFFAVN
RRGLPYGLATPDSRIYSLLAVIAAAISQSEALADTRMLGVTLLIYWWATACIGVALWLMGRCGIGEWLR
YIPYPWGGFLAATGWLLLTGGLNVALGFKISGATLERLWSVDSAAKILVAWFGLLLWQLGTRSKRVWI
TPVLLLAGLVGAQLVRVGLGYSLAEAAQFGWFLPPLAPRIVFFWDWPRIPSIDWALLLPQIALIPVLILL
AAISLTLNLSSLENVEKRELDLNQELQRTGLANLIMLPFGGFSPGLLSGSRSTLNRLAGASTPLAAGVAA
VLMLIAIALGDLASWLCKPILAGLLVNIGLVYIDRWVFRSIRLLPQREYWVTIAILGISIVGGFLEAITA
GIVFSSLTFWSYCRAPAIRSMATGAYLHSNIERVETQQSILRRRGAVLQWSLQGYLFFGTARRIVSTV
RDRLQQSKVSINLVLLDYQAVTGADSSTAEVFSRFAVELQAQSIQLWVAAIASDYQKPLRPFLQLLPEHQ
QFPDLNTALQAAEAKLLDQYARRPKSLPFALLLPELLALPDDCDVPLQFWQRSQLKDGEVLYQQGDRADT
IYWLERGELHLQATEAWDARQVLAGSPCGELAFLRGDTQPQTAIAVGRCMVYGLNRAALTELEASYPTVA
IALYRWLLHRQSEQLQDQQLRQHYLQA
Protein structure of st
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Figure 48a (on left) and 48b (on right): Predicted structure of st using 
Conserved Domain Database (48a), NCBI and of Cartoon image of st showing 
transmembrane location (48b) using MEMSAT.
62732ad6-a8c6-4f4c-944f-662dab!8083e .seq job
Figure 48c: Membrane topology of st as predicted by MEMSAT. There are 11 
distinct transmembrane segments with three pore-lining regions that might be 
involved in facilitating zinc transport.
Three pore-lining regions were detected in protein structure prediction that runs parallel 
in the membrane. Pore-lining regions in Alpha-helical transmembrane channel has 
opening on each side of the membrane and are involved in facilitating the transport of 
ions and other molecules across lipid bilayer (Nugent and Jones 2012).
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Figure 48d. st structure prediction indicating 11 transmembrane helices using 
TMHMM Server v. 2.0. Some helices are spanned outside the membrane as 
well shown in pink.
Blastp search in NCBI indicated that this protein is sulfate transporter in S. 
elongatus PCC 7942, in S. elongatus PCC 6301, Dactylococcopsis salina (plaktonic 
cynobacterium species) while cyclic nucleotide-binding protein in Cyanothece sp. PCC 
7822 (unicellular aerobic nitrogen fixing cyanobacterium). This sulfate transporter 
contains Sulphate Transporter and Anti-Sigma factor antagonist domain (STAS) in the C- 
terminal region found in bacterial and archaeal proteins. STAS domain plays role in the 
regulation of sigma factors and protein- protein interaction. In addition, this protein has 
CAP domain which uses iron-sulfur cluster to sense oxygen and binds to cAMP, fumarate 
and nitrate reduction and plays role in activating transcription. It has 3 alpha- helices and 
eight stranded beta-barrel structure. Furthermore, this sulfate transporter has SUL1 
domain which is sulfate permease and related transporter which belongs to MFS 
superfamily. MFS is a major facilitator super family which is a major family of
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membrane transporter found in prokaryote as well as eukaryotes. MFS family proteins 
are capable of transporting drugs, amino acids, nucleosides etc. (Pao SS et al. 1998). 
Blastp result, STRING
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in Synechococcus elongatus 7942: anywhere in STRING: in a taxon of choice:
organism bitscore
1 E£> sce9152 Sorangium cellulosum 362.1
I m bll0811 Bradyrhlzobium japonlcum 339.4
\ m amb3535 Magnetospirillum magneticum 338.4
m M m c l_ l l l l Magnetococcus sp. MCI 300.3
o DVU_1999 Desulfovibrio vulgaris Hi.. 293.3
ES> Ipp3069 Legionella pneumophila Pa.. 244.1
m Dshi_0635 Dinoroseobacter shibae 243.7
m> NCU02632 Neurospora crassa 218.6
; ES> Daro_3904 Dechloromonas aromatica 206.0
E> S00033S7 Aspergillus fumigatus 192.4
m> MGG04433 Magnaporthe grisea 191.0
m> CADNFIAP000092S5 Neosartorya fischeri 191.0
m CAP2UW1 3729 Accumulibacter phosphatis 187.2
m Q6CPI0 Kluyveromyces lactis 186.5
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Figure 48e: Blastp result, STRING for st protein. String protein blast search
indicated that similar protein is found in fungus such as Aspergillus fumigatus as
well as some bacterial species such as Microcystis aeruginosa.
b) Protein sequence: groEL
>gi|81299496|ref|YP 399704.11 molecular chaperone GroEL [Synechococcus elongatus PCC 7942]
MAKLILFHEDSRQALERGVNALANAVKVTLGPRGRNVLLEKKFGAPEIINDGVSIAKEIELEDPHENAGAR
LVQEVAAKTKEIAGDGTTTATVLAQAIVREGLTNVAAGANPIVLRRGIEKAVATLVEAIAAKAQPVADEAA
IRSIAAVSAGNDDEVGQMIADAVAKVTKDGVITVEESKSLATELEWEGMQFDRGYLSPYFVTDQDRQWE
YDNPLILLTDKKIASIQDLVPVLEDVARAGRPLLIIAEDIEGEALATLWNKARGVLNTVAVKAPAFGDRR
KAILQDIAVLTGGQVISEEVGLSLADANSSVLGKAQKITISKDTTIIVAGDENKADVAARIAQIRRSLEET
DSDYDREKLQERIAKLAGGVAVIKVGAPTETELKNRKLRIEDALNATRAAIEEGWPGGGTTLLHLASALT
SLQASLTVADEKLGVEIVARALEAPLRQIADNAGAEGSVWEKLRDKDFNFGYNALTGQYEDLVASGILDP
AKWRSALQDAASVASLILTTEVLWDQPEPEPAMPAGGDMGGMGGMGMPGMGGMGMM
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Predicted structure of groEL
Figure 49a and Figure 49b: Predicted protein structure of GroEL, 
UNIPROT (49a) and a transmembrane helix topology detected in
predicted structure of groEL using MAMSAT (49b).
Function:
Blastp search in NCBI indicated that this protein is found in S. elongatus PCC 
7942, Synechococcus elongatus PCC 6301, Synechococcus sp. PCC7002, Synechococcus 
sp 7502, Mycrocystis aeuroginosa which is a fresh water cynobacterium responsible for 
biofilm and bloom formation, nostoc, anabaena, and other cyanoacterium species. GroEL 
protein helps in assembly of unfolded polypeptides made under stress conditions and 
hemce prevents misfolding. Groel plays role in growth of bacteria. GroEL is expressed 
under exposure to heavy metals such as cadmium, copper, zinc (Ybarra and Webb 1998).
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Blastp result, STRING
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Figure 49c: Blastp result using STRING databse. String protein blast search 
indicated that similar protein is found in Synechococcus sp. 6803, Nostoc sp. 
PCC7120, Synechococcus sp. WH8102, anabaena variabillis (species of 
filamentous cyanobacterium) as well as some bacterial species such as 
Microcystis aeruginosa
c) Protein sequence: ct
>gi|81299944|reflYP 400152.11 cation transporter[Synechococcus elongatus PCC 7942]
MASAPWVFAYGSLIWRPDFAWQDRQPAVLRGWKRRFWQLSTDHRGTPSQPGRWTLVPDAQAECVGVAFQL 
MGDVGAILTALDYREKDGYDRQELVIELQDQRQVTAIVYVAQAQNPRFAGPTPVPAIADQVRRSYGPSGSN 
AEYVLRLDQALTALGWEDPHVRAIANLVAA
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Predicted structure of ct
Figure 50a: Predicted structure of GGCT- like domain of cation transporter, 
Conserved domain database (Cn3D 4.3), NCBI.
Function:
Blastp in NCBI indicated that this protein in cation transporter in 
Amphimedon queenslandica (sea sponge) and marine gammaprteobacterium which 
usually lives in eukaryotic host. It belongs to ChaC-like protein which is involved cation 
transport. It is a dimeric protein and has GGCT (Gamma-glutamyl cyclotransferase) 
domain is involved in DNA synthesis, transport processes and metabolism. This cation 
transporter protein plays role in inorganic ion transport and metabolism. GGCT like 
domain or known as AIG-like family is also found in human (45% max identity,
NP 077016.2) and has 46% max identity with chlamidomonas reinhardtii 
(XP 001698337.1).
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Blastp result, STRING
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Figure 50b: String protein blast search indicating similar proteins found in human
(CHAC1 and CHAC2), as well as in some bacterial species,
d) Protein sequence: hmtA
>gi|81300379|reflYP 400587.11 heavy metal translocating P-type ATPase [Synechococcus elongatus PCC 
7942]
MVNQQTLTLRGMGCAACAGRIEALIQALPGVQECSVNFGAEQAQVCYDPALTQVAAIQAAIEAAGYHAFP 
LQDPWDNEVEAQERHRRARSQRQLAQRVWVSGLIASLLVIGSLPMMLGISIPGIPMWLHHPGLQLGLTLP 
VLWAGRSFFINAWKAFRQNTATMDTLVAVGTGAAFLYSLAVTLFPQWLTRQGLPPDVYYEAIAVIIALLL 
LGRSLEERAKGQTSAAIRQLIGLQAKTARVLRQGQELTLPITEVQVEDWVRVRPGEKVPVDGEVIDGRST 
VDESMVTGESLPVQKQVGDEVIGATLNKTGSLTIRATRVGRETFLAQIVQLVQQAQASKAPIQRLADQVT 
GWFVPAVIAIAILTFVLWFNWIGNVTLALITAVGVLIIACPCALGLATPTSIMVGTGKGAEYGILIKSAE 
SLELAQTIQTVILDKTGTLTQGQPSVTDFLAIGDRDQQQTLLGWAASLENYSEHPLAEAIVRYGEAQGIT 
LSTVTDFEAIPGSGVQGQVEGIWLQIGTQRWLGELGIETSALQNQWEDWEAAGKTWGVAADGHLQAILS 
IADQLKPSSVAWRSLQRLGLQWMLTGDNRRTADAIAQAVGITQVLAEVRPDQKAAQVAQLQSRGQWA 
MVGDGINDAPALAQADVGIAIGTGTDVAIAASDITLISGDLQGIVTAIQLSRATMTNIRQNLFFAFIYNV 
AGIPIAAGILYPLLGWLLS PMLAGAAMAFS SVSWTNALRLRQFQPR
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Predicted Protein structure of hmtA
Figure 51a (on left) and Figure 51b (on right): Predicted structure of hmtA using 
Conserved Domain Database (51a), NCBI and cartoon image of hmtA showing 
Transmembrane Location (51b) using MEMSAT.
Figure 51c (on left) and 51 d (on right): Membrane topology of hmtA as 
predicted by MEMSAT. There are 8 distinct transmembrane segments (5Id) 
with one pore-lining region (51c) that may be involved in translocating zinc.
One pore-lining region was detected in protein structure prediction using MEMSAT 
which may be involved in transporting zinc, copper as well as other heavy metal. Pore­
lining regions in Alpha-helical transmembrane channel has opening on each side of the
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membrane and are involved in facilitating the transport of ions and other molecules 
across bilayer (Nugent and Jones 2012).
TMHMM posterior probabilities for gi|S1300379|ref|YP_40058?.1|
0 100 200 300 400 500 60 0 700
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Figure 51e. hmtA protein structure prediction indicating 8 transmembrane
helices using TMHMM Server v. 2.0. This structure prediction analysis
confirms the number of helices (8) in the protein as predicted by MEMSAT.
Function:
Blastp search in NCBI indicated that this protein is heavy metal translocating P- 
type ATPase in S. elongatus PCC 7942, and Cyanobacterium aponinum PCC 10605 
while copper-translocating P-type ATPase in Synechococcus elongatus PCC 6301, 
anabaena, nostoc, oscillatoria species. In addition, it is copper/silver-translocating P-type 
ATPase in Nostoc sp. PCC 7524, Pleurocapsa s.p. PCC 7327, Gloeocapsa sp. PCC 73106 
and cation transporter in Mycrocystis aeruginosa. Furthermore, the protein is matches 
with 39% max identity in homo sapiens (AAA92667.1) (XP 001699267.1) as copper-  
transporting ATPase 2 which also contains cysteine rich conserved HMA domain and 
55% max identity in C. reinhardtii (XP 001697676.1) as heavy metal transporting 
ATPAse.
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This protein has HMA (heavy metal associated) conserved domain. HMA 
domain is located at amino terminus of zinc transporting ATPase in many bacteria. HMA 
domain is made of 30 amino acids and contains two cysteine residues which are essential 
in binding as well as transporting metal ions like cadmium, copper, cobalt and zinc. 
Cysteine enhances HMA domain’s affinity to bind a metal. HMA domain also helps to 
detoxify metals. ZiaA is a zinc transporting ATPase in E.coli and S. elongatus PCC 7942.
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Figure 51f: Sequence alignment using conserved domain database, NCBI
indicated that Heavy metal P-type ATPase is cysteine rich highlighted in yellow 
which is very significant and conserved amino acid which enhances metal
binding ability of the protein.
BlastP result STRING
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Similar proteins
in Synechococcus elongatus 7942: in STRING:
Similar proteins 
in a taxon of choice:
pacS organism bitscore
alr7635 »»»<»»»»«mmmmm Nostoc sp. PCC7120 1155.3
m> alrl627 — Nostoc sp. PCC7120 1155.3
m> Ava_4235 Anabaena variabilis 1149.0
E!> AM1_0955 — ....................... .. Acaryochloris marina 1067.7
r.'s cce_1917 — . ........... ......... ................. ..... ....... Cyanothece sp. 51142 1039.8
E2> cce_1700 mm Cyanothece sp. 51142 1033.8
O pacS mm Synechocystis sp. 6803 1002.8
pacS Microcystis aeruginosa 983.9
m> Tery_1307 — mmmmmœmmmmmmœmm&mmmmmmmmmm&m Trichodesmium erythraeum .. 982.5
m Daud_1879 mm Desulforudis audaxviator 859.6
m PTH_0231 Pelotomaculum thermopropi.. 840.8
m
< COpA * Uncultured archaeon RC1 835.2 v >
1 ■ ill! - « fr î  .rf » w m n
Figure 51g: BlastP result using STRING database. String protein blast search 
indicated that similar protein is found in Synechococcus sp. 6803, Nostoc sp.
PCC7120 and variabillis (cyanobacterial genus) as well as some bacterial species 
such as Microcystis aeruginosa.
e) Protein sequence: ShmtA
>gi|81301126|ref|YP_401334.11 heavy metal translocating P-type ATPase [Synechococcus elongatus PCC 
7942]
MPAAIVHSADPSSTSILVEVEGM KCAGCVAAVERRLQQTAGVEAVSVNLITRLAKA7DYDAALIEDPTVLT  
TEITGLGFRAQLRQDDNPLTLPIAEIPPLQQQRLQLAIAAFLLIVSSW GHLGHW LDHPLPGTDQLW FHAL  
LATWALLGPGRSILQAGWQGLRCGAPNMNSLVLLGTGSAYLASLVALLWPQLGWVCFFDEPVMLLGFILL 
GRTLEEQARFRSQAALQNLLALQPETTQLLTAPSSIAPQDLLEAPAQIW PVAQLRAGDYVQVLPGDRIPV  
DGCIVAGQSTLDTAMLTGEPLPQPCQVGDRVCAGTLNLSHRLVIRAEQTGSQTRLAAIVRCVAEAQQRKA  
PVQRFADAIAGRFVYGVCAIAALTFGFWATLGSRWWPQVLQQPLPGLLIHAPHHGMEMAHPHSHSPLLLA  
LTLAISVLW ACPCALGLATPTAILVATG LAAEQ G ILVRGG DVLEQLARIKH FVFDKTGTLTQ G QFELIE  
IQPLADVDPDRLLQW AAALEADSRHPLATALQTAAQAANLAPIAASDRQQVPGLGVSGTCDGRSLRLGNP  
TWVQVATAKLPTGSAAATSIW LADDQQLLACFW LQDQPRPEAAEW QALRSRGATVQILSGDRQTTAVAL  
AQQLGLESETW A E VLPEDKAAAIAALQSQGDAVAM IGDGINDAPALATAAVGISLAAGSDIAQDSAGLL  
LSRDRLDSVLVAW NLSQM GLRTIRQNLTW ALGYNW M LPLAAGAFLPAYGLALTPAIAGACM AVSSLAW  
SNSLLLRYW FRRSLNHSVSV
Predicted protein structure of ShmtA
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Figure 52a (on left) and Figure 52b (on right): Predicted structure of ShmtA 
using Conserved Domain Database NCBI (52a), and cartoon image of SHMTA 
showing Transmembrane Location (52b) prepared using MEMSAT.
Figure 52c (left) and 52d (right): Membrane topology of ShmtA as predicted by 
MEMSAT. There are 8 distinct transmembrane segments (shown in 52d) with two 
pore-lining regions (shown in 52c) that may be involved in transporting zinc. The 
distinct topology of Heavy metal translocating P-type ATPase prediction 
suggested that multiple helixes integrated in membrane with pores may help to 
pump out metals when it is in access amount inside the cell.
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TMHMM posterior probabilities for gi|81301126|ref|YP_401334.11
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Figure 52e.ShmtA protein structure prediction indicating 8 transmembrane
helices using TMHMM Server v. 2.0. This structure prediction analysis confirms
the number of helices (8) in the protein as predicted by MEMSAT.
Function:
Blastp search in NCBI indicated that this protein is heavy metal translocating P- 
type ATPase in S. PCC 7942, while copper-translocating P-type ATPase in 
Synechococcus elongatus PCC 6301, in Nostoc sp. PCC 7524, Gloeocapsa sp. PCC 7428, 
anabaena, nostoc, oscillatoria species and cation transporter as well as copper 
translocating ATPase in Mycrocystis aeruginosa. Furtherfore, blastp in human indicated 
39% similarity with copper transporting ATPase (NP 001230111.1) which also contains 
cysteine rich conserved HMA domain and 50% max identity with C. reinhardtii 
(XP 001702571.1) as heavy metal transporting ATPAse.
This protein also contains HMA conserved domain similar to hmtA protein.
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Blasp result, STRING
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Similar proteins 
in a taxon of choice:
organism bitscore
Acaryochloris marina 779.0
Trichodesmium erythraeum .. 770.6
Nostoc sp. PCC7120 765.4
Anabaena variabilis 761.5
Microcystis aeruginosa 754.2
Cyanothece sp. 51142 747.5
Synechococcus sp. WH81Q2 734.3
Synechocystis sp. 6803 729.7
Prochlorococcus marinus M.. 689.9
Thermosynechococcus elong.. 646.3
Ostreococcus tauri 634.4
Physcomitrella patens 617.0 v
>
* i w  8
Figuer 52f: String protein blast search indicated that similar protein is found in 
Synechococcus sp. 6803, Synechococcus sp. WH8102, Nostoc sp. PCC7120 and 
Anabaena Variabillis as well as some bacterial species such as Microcystis 
aeruginosa.
3) Protein- Protein interaction map of proteins listed in table in S. elongatus PCC 7942 
using STRING
Protein-protein interaction between putative chromosomal zinc tolerant and related gene 
products in S. elongatus PCC 7942 was prepared using STRING as shown in figure 53.
SEM0037
ShmtA
hmtA
Figure 53: Visual representation of protein-protein interactions between putative 
chromosomal zinc tolerant and related genes. Synpcc7942_0685 is GroEL, synA 
is SynA heavy metal translocating P-type ATPase (ShmtA), Synpcc7942_l 135 is 
cation transporter (ct) and pacS is heavy metal translocating P-type ATPase 
(hmtA), Synpcc7942 is sulfate transporter (st) in Synecococcus sp. 7942.
SynA heavy metal translocating P-type ATPase (ShmtA) (YP 401334.1) is 
involved in copper transport. PacS heavy metal translocating P-type ATpase 
(hmtA) (YP 400587.1) is might be involved in osmotic adaptation. 
Synpcc7942_0685 is chaperonin groEL which prevents misfolding as well as 
helps in assembling polypeptides under stress environment. Synpcc7942_l 135 is
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cation transporter and Synpcc7942_0366 is sulfate transporter. SynA (shmtA) and 
PacS (hmtA) homologs are found in synechococcus sp. 6803.
String database have different names for the proteins than NCBI database. The key for 
the figure 53 is shown in table 12 indicating name of the proteins of interest (st, groEL, 
ct, hmtA and ShmtA) according to NCBI and STRING database.
Table 12: Key Indicating STRING database names o f the protein of interest
. : •; . . y
w Svnncc7942 0366 putative sulfate transporter (727 aa)
Svnpcc7942 0685 chaperonin groEL; Prevents misfolding and promotes 
the refolding and proper assembly o f unfolded 
polypeptides generated under stress conditions (By 
similarity) (555 aa)
mw Svnncc7942 1135 cation transporter ( 172 aa)
■m
pacS heavy metal translocating P-type ATPase; May play a 
role in the osmotic adaptation (747 aa)
w SynA heavy metal translocating P-type ATPase; Involved in 
copper transport (790 aa)
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Figure 54: smtB, and ArsR family transcriptional regulator, is repressor of smtA,
a metallothionein protein which are cysteine-rich that binds to metal, is expressed 
in response to copper, cadmium and zinc (Ybarra and Webb 1998). smtB interacts
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with pacS (hmtA) and heavy metal translocating P-type ATPase (ShmtA) 
(YP_401334.1), and PacS (hmtA) interacts with merR, a mercury resistant gene 
product.
The key for the figure 54 is shown in table 13 indicating name of functional partners of 
the proteins of interest (st, groEL, ct, hmtA and ShmtA) according to STRING database.
Table 13: Key for figure 54, functional partners of the protein of interest,
STRING database
groS co-chaperonin GroES; Binds to Cpn60 in the presence o f  Mg-ATP and 
suppresses the ATPase activit [...] (103 aa)
W hrcA heat-inducible transcription repressor; Negative regulator o f class I heat 
shock genes (grpE- d [...] (353 aa)
9 dnaK molecular chaperone DnaK; Acts as a chaperone (By similarity) 
(634 aa)
9 grpE heat shock protein GrpE; Participates actively in the response to 
hyperosmotic and heat shock b [...] (207 aa)
dnaKl molecular chaperone DnaK; Acts as a chaperone (By similarity) 
(655 aa)
' dnaK3 molecular chaperone DnaK; Acts as a chaperone (By similarity) 
(749 aa)
secA preprotein translocase subunit SecA; Part o f  the Sec protein translocase 
complex. Interacts wit [...] (948 aa)
W' SEM00
37
heat shock protein 90 (638 aa)
fusA elongation factor G; This protein promotes the GTP-dependent 
translocation o f the nascent prote [...] (694 aa)
V tu f elongation factor Tu; This protein promotes the GTP-dependent binding 
o f aminoacyl-tRNA to the [...] (409 aa)
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4) ClustalW, A multiple sequnece alignment of putative zinc tolerant and related genes
proteins sequences using Mega 5.1 in S. elongatus PCC 7942
The homologues search, a multiple sequence alignment for genes of interest was
performed using protein sequences of genes of interest (st, groEL, ct, hmtA and ShmtA)
using Mega 5.1 MUSCLE as shown in figure 55.
Figure 55: Visualization of a multiple sequence alignment using 5 putative zinc
tolerant and related genes proteins sequences (hmtA, ShmtA, ct, groEL, and ct
respectively) in S. elongatus PCC 7942 [Smooth factor = 3], Only hmtA and ShmtA
have higher homology among five proteins.
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1) ClustalW map alignment of hmtA, ShmtA, ct, groEL, st
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Figure 56: Multiple Sequence Alignment map of protein sequences of five 
putative zinc tolerant and related genes (hmtA, ShmtA, ct, groEL, st respectively) 
in S. elongatus PCC 7942 using clustalW. Conserved regions are color coded.
All five proteins have conserved amino acid leucine at position 648 highlighted in 
black. Since most of the proteins are transporter protein and embedded in membrane as
predicted from structure topology they have leucine in the peptide which can also be 
seen in cartoon images of protein structure. A leucine is a non-polar and hydrophobic 
amino acid. Therefore, membrane proteins are most likely to have leucine in peptides in 
helices integrated in the membrane. Furthermore most protein sequences have highly
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conserved non-polar, hydrophobic amino acids such as valine and alanine. Five out of 
four protein sequences show conserved amino acids at 318 aspartic acid (D), 368 valine 
(V), 385 alanine (A), 456 valine (V).
5) Phylogenic analysis
Phylogenetic analysis was performed to study conservation of Heavy metal translocating 
P-type ATPase within the Synechococcus genus using MEGA5.1 Phylogenic Analysis 
Software (shown in figure 57); the protein sequence ID, name of the protein, and name of 
the organism are shown in table 14.
Table 14: Phylogenic Analysis Key
No. sequence ID Organism Protein
1 gi|81301126|ref 
|YP_401334.1|
Synechococcus 
elongatus PCC 7942
Heavy metal P-type ATPase 
(ShmtA)
2 gi|56751794| 
reflYP 172495.1|
Synechococcus 
elongatus PCC 6301
copper transporting CPx-type 
ATPase CtaA
3 gi 493500883| 
refjWP_006455400.il
Synechococcus sp. 
PCC 7335
copper transporting P-Type 
ATPase
4 gi|86608948|
refjYP_477710.il
Synechococcus sp.JA- 
2-3 B'a (2-13)]
copper transporting P-Type 
ATPase
5 gi| 170079204| 
refjYPOO 1735842.1|
Synechococcus sp. 
PCC 7002
cation-transporting P-type ATPase
6 gi 8660747 l|ref 
|YP_476234.1|
Synechococcus sp.JA- 
3-3Ab]
copper-translocating P-type 
ATPase
7 gi|493904793|
refjWP_006850480.il
Synechococcus sp. 
WH 8109]
copper-translocating P-type 
ATPase [Synechococcus sp. WH 
8109]
8 gi|497474047| 
refj WP 009788245.11
[Synechococcus sp. 
BL107]
Copper-translocating P-type 
ATPase
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9 gi| 148240581| 
reftYP_001225968.1|
[Synechococcus sp. 
WH 7803]
copper-transportingATPase
10 gi|492912623| 
ref] WP_006043029.11
[Synechococcus sp. 
WH 7805]
putative P-type ATPase transporter 
for copper
11 gi|428220719|ref 
|YP_007104889.11
[Synechococcus sp. 
PCC 7502]
copper/silver-translocating P-type 
ATPase
12 gi|l 70078913|ref 
|YP_001735551.11
[Synechococcus sp. 
PCC 7002]
cation-transporting ATPase
13 gi|427711683|ref
|YP_007060307.1|
[Synechococcus sp. 
PCC 6312]
copper/silver-translocating P-type 
ATPase
To determine if  the protein is conserved within the Synechococcus genus, phylogenetic 
tree was generated using MEGA5.1 Phylogénie Analysis Software shown in figure 57.
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gi|170078913|ref|YP_001735551.11 cation-transporting ATPase Synechococcus sp. PCC 7002 
gi|427711683|ref]YP_007060307.1| copper/siher-translocating P-type ATPase Synechococcus sp. PCC 6312 
gi|493904793|ref]WP_006850480.1| copper-translocating P-type ATPase Synechococcus sp. WH 8109 
gi|497474047|ref)WP_009788245.11 Copper-translocating P-type ATPase Synechococcus sp. BL107 
gi|148240581 |ref|YP_001225968.11 copper-transporting ATPase Synechococcus sp. WH 7803 
gi1170079204|ref|YP_001735842.11 cation-transporting P-type ATPase Synechococcus sp. PCC 7002 
gi|428220719|ref]YP_007104889.11 copper/silver-translocating P-type ATPase Synechococcus sp. PCC 7502 
gi|492912623|ref)WP_006043029.11 putati« P-type ATPase transporter for copper Synechococcus sp. WH 7805 
gi|81301126|ref]YP_401334.11 heavy metal translocating P-type ATPase Synechococcus elongatus PCC 7942 
gi|56751794|ref(YP_172495.11 copper transporting CPx-type ATPase CtaA Synechococcus elongatus PCC 6301 
gi|86608948|ref]YP_477710.11 copper-translocating P-type ATPase Synechococcus sp. JA-2-3Ba(2-13) 
gi|493500883|ref]WP_006455400.11 ATPase Synechococcus sp. PCC 7335 
gi|86607471|ref]YP_476234.1| copper-translocating P-type ATPase Synechococcus sp. JA-3-3Ab
Figure 57: Phylogenetic tree using MEGA5.1 Phylogénie Analysis Software. 
Phylogenetic tree portrays conservation of Heavy metal translocating P-type 
ATPase within the Synechococcus genus. The phylogram shows S. elongatus PCC 
7942 is closely related to Synechococcus sp. PCC 6301 and distantly related to
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Synechococcus sp. WH 7805 in sequence comparison of Heavy metal 
translocating P-type ATPase.
6) Zinc tolerent operon prediction using Database of prOkaryotic OpeRons (DOOR) 
a) proposed operon containing groEL gene
The operon predection can be obtained using DOOR developed by Computational 
Systems Biology Lab (CSBL), University of Georgia. Proposed operon containing groEL 
gene is shown in figure 58.
TRANSCRIPTION
Zinc chloride
Figure 58: Proposed operon for groEL gene (NC_007604:675946..680548 (+ 
strand). 4,603 bp). This operon includes groEL (in green).This operon includes 
three neighboring geens: Synpcc7942_0684 which codes for enzyme called 3- 
oxoacyl-ACP reductase, Synecpcc7942_0682 which codes for conserved 
hypothetical protein (ABB56714.1) which belongs to glycosyltranferase GTB 
type super family and Synpcc7942_0683 codes for flavodoxin Potassium chanel 
protein (BAD79036.1).
The product of a groEL gene is a chaperon protein but is expressed in response to ZnCh 
suggesting that other three genes located in this operon might be expressed in response to 
ZnCh as well.
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b) Analysis of the proposed operon containing groEL gene 
The >NC_007604 NC_007604:675946..680548 (+ strand) class=operon length=4603 
The proposed operon sequence containing groEL gene with transcription binding sites 
and putative promoter sequences are shown in figure 59. TF binding sites
-35 -10
3bAGGTTATTGTTCCGTTGC AAGCCCTAGCGAGGdGGGTGCAAGCGTCCCAT AG A/iXAC, ATfrefdCTXr • aV.PTT A CCCCQA
TTCCCAATGCGCATTTTGGCCCTGGTTCCGGGCGGTATCGGTGACCAGATTCTCTTCTTCCCGACGGTCGCCGATCTCAA
AA AGT ACT AT CCGCAGGCT CAG ATT GAT GT CGT CGTTGAGCCT (¿GCGCCGT GGGT GCTT A TCGGGTCT G<2GCCG AGGT A
GACCAAGTCTTTCCGTTCGATTTCAAAGATCGCAACAGCTTGGCCGACTGGGGCAATTTGCTCGGCTCCATTCGCGAGC
GGGAATACGAAGCGGTGCTCTCCCTTGGCCAGCGATCGCTGGTGGGTCTCTTCCTCTGGTTGACCGGCATTCCCAAACG
GGTGGGCTATGCGGGTCGCGGCAAAATTTTTCTCACGGATGCGGTGCCGCTCAACCGTGAACAGTATGCGGGAGCGCT
CT ACCACG AT CT CTTGC AAGGCTTT GGT ATT AAT ACT CCGTGCCCG AATCCT AAGCT G ACGTTGGCTCGGC AAG ATTT GG
ATT GGGC AACGGC AGAAC AGC AACGATT GGGGCT GGC AGGCCAGGGTT ACCT CGT CCT GCACGGCGGTTCGAGCACGC
TGGCCAAGCTCAAGGGTTTGCAGAAGGTCTATCCCGTTGAGAAATGGGCGATCGTGTTGCGATCGATTCGCGAACAGC
GTCCTAGCCTGCCTTTTGTGGTGGTGCAAGGCCCCGACGATGCGGAGTTTGTAGCGGAACTGCGCAAATCCAATCTCGA
CTTCCAAGTGGTGCAGCCGCCAGACATCGGCAAACTTGCTGCGATCATTGCTGGAGCTGATCTGATGCTCTGTACCGAT
AGT GC ACCGAT GC ATTT AGCCGT GGCGAGCGGG ACAAGGACGATCGCCCT GTTT GGT CCCTTTG AACCGGCAAAGCTG
CTGCCAGCAGATGATCGGTTCATCGGCATCAAGGCGCAGGGTGTTGACGTGGCGACGATTCCACCCCAGGAAATCATC
GATCGCCTC TTCGGTCGCTAGCGATCTTCCTCCACCGCTCAGATTGAGCGAGGCAGCATGGAGCCACAGCGATCGCGGC
GAAGTCTTGATCACCGTCGCAATCTGGTCAATAGCGTCTGGGCGTTAGTCCTGCTGATTGTTGTCGGCACCTTGGGCTAC
( AGCKi ATTGAAQQCTGGACAGGGCTAGArGCTCTGTACATGACAATCACG a C ( i(TAGCG A( 'G(H ( KiGA I 'H CiCiCiGA
AGTGAATCCCCTCAGTCCCAAGGGTCGGCTATTTACGATCCTGCTGATCTTGGCAGGATTGATCTTGATTGGCTATGTGA
TCAAGACTGCCACCGAAGCCTTGGCCGAGGGATACTTCCAAGAGAGGCTGCGCGATCGCCGACTACGACACTTACTCA
ATCGCTTGCACAATCACTACATCATTTGCGGCTTTGGTCGCACTGGACAAGAAATTGCCCGCGAGTTCAACGCAGAAGC
ATTGCCrTTTGTCGTTTTAGATAACGATGAAAGTGCAAITGATACGGCGATCGCGGCAGGACTrCAGGCTTTTGTCGGC
GATGCCACACTCGATGAGGTGTTGATCAAAGCAGGAATTGAGCGGGCGCGCTGTTTGGTAGCGGCTATGCCGTCTGAT
GCTGACAATCTTTACGCGATCCTGTCGGCCAAAACCTTGA/VrCCTAACCTGCGGACGATCGCCCGTGCCAGTTCTGCTG
AGGCGGTTCAAAAGCTGCGTCGAGGCGGGGCAGATGCGGTGGTCTCGCCCTACATCACCGGTGGACGGCGGATGGCGG
CGGCAGCGCGGCGACCGCAAGTGATCGACTTCATTGATGATCTGACTTCCGCCAGTGAGCGGTCGGTCTACATTGATGA
GTTTTIGTTGGAGCAACCGCGATCGCGATTTATTGGGCGCACCCTGCGAGAAGCGGATTTACGGGGGCGATCGGGrGC
CCTAATTCTGGCGATTCGGCGGGCGGATGGTACCTTGCTGGCCAGTCCCACCGGTGACACCTATCTCGAACTCGGAGAC
t t g c t g c t c t g c c t t g g a a c t g g t c c g c a a t t g c a a g c c c t c g a g a a g c t g t t g g c c t a g a a g g t t c c g c c a a g a t c g t
AAAATCAACcCTGCCCTAGCCCTCTGGAGCGCACTCCCATGACTGCTTTGCCCCTAACCGATCGCATTr,rTrTnnTr,Ar
CGGAGCCTCTCGGGGGATTGGCCGGGCGATCGCCTTGGAATTGGCGGCGGCGGGGGCCAAGGTTGCGGTGAATTACGC
GAGTTCTGCTGGTGCTGCCGACGAAGTAGTGGCAGCGATCGCGGCGGCCGGTGGCGAAGCTTTTGCTGTCAAAGCCGA
TGTTTCCCAAGAGTCAGAAGTGGAAGCCCTCTTTGCGGCGGTAATCGAGCGTTGGGGACGGCTAGATGTGCTGGTCAAC
AATGCTGGGATTACCCGCGACACACTGTTACTGCGGATGAAACGGGATGACTGGCAATCGGTGCTGGACTTGAACTTA
GGTGGTGTCTTCCTCTGC AG'I'CG AGCGGCTGCC A AA ATC ATGCTCAA ACAGCG ATCGGGCCGG ATC ATCAACATTGCTT
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CGGTGGTTGGTGAAATGGGTAACCCCGGCCAGGCCAACTAGAGTGCGGCCAAAGCTGGGGTAATCGGCTTGACCAAAA
CCGTGt11 ( 'AAAG AACTGt A TAGCCG I tiGCATTACAGTTAATGCCG K.iGCGCCGGGCTTTATTGCCAC’ I'GATATGACCACi
TGAACTCGCCGCCGAAAAACTCCTCGAAGTGATTCCTCTCGGTCGCTACGGTGAAGCGGCAGAAGTGGCGGGTGTGGT
GAGATTCTTGGCGGCGGATCCGGCAGCTGCCTACATCACGGGCCAGGTGATCAATATCGATGGCGGCTTGGTGATGGC
CTAGGCTCTGCTTCGGTAATCCCTACTCGqCTCTGCAAGACACCGTGCGACAGTGAAGGGCGGGCGATCGCTCGCCTT
CACCCCACCATTCTGCTGTCCACA>aTlTGlJ\TGGCTAAGCTGATCCTGTTTCACGAAGACTCCCGCCAAOCTCTTGAA(
rCAACGCCCTCGCGAATGCTGTCAAGGTGACTTTGGGCCCCCGCGGACGTAACGTCCTGCTCGAGAAAAA 
TTGGGGCACCTGAAATCATCAATGATGGCGTCAGCATCGCCAAAGAAATTGAACTGGAAGATCCCCACGAGAATGC
CTCAGGCGATCGTGCGGGAAGGCTTGACCAACGTGGCCGCTGGTGCCAACCCGATCGTGCTGCGTCGTGGCATTi 
AAGCAGTGGCAACC'ITGGTGGAAGCGATCGCTGCTAAAGCGCAACCCGTGGCGGATGAGGCGGCCATCCGCTCGATCG 
CTGCGGTGTCGGCGGGCAACGACGATGAAGTCGGCCAAATGATTGCCGATGCTGTGGCTAAGGTCACGAAAGACGG 
RrATC ACGGTTG AGGAATC A A A ATCTCT GGCGACGGAACTAG A AGTTCrTCGAAGGG AT GCAGTT CGACCGCGGCT,
AATTGCCTCGATTCAGGATCTGGTGCCGGTTCTGG.AAGATGTGGCCCGTGCCGGTCGTCCGCTGCTGATCA'ITGCTi 
GACATCGAAGGCGAAGCCTTGGCAACCCTCGTGGTCAACAAAGCCCGTGGTGTCCTCAACACCGTCGCAGTCAAAGt 
['CrCCTTTGGCGATCGCCGTAAAGCCATCCTGCAAGATATTGCCGTGCTGACTGGCGGTCAGGTCA'ITrCCG/VAGAAi
TCGGCCTCAGCTTGGCCGATGCCAACAGCAGCGTCCTCGGCAAGGCCCAAAAGATCACGATCAGCAAAGACACCACGt
ACTCGGACrACGATCGCGAGAAACTGCAAGAGCGCATCGCCAAATTGCrCGGGCGGCGTGGCTGTGATCAAAGTC< 
CGCCGACCGAGACTGAGCTGAAAAACCGCAAGCTGCGCATTGAAGATGCCCTCAATGCCACCCGTGCTGCGATCGt 
A AGGGGTT GT GCCCGGCGGTGGG ACG ACGCT ACT GCACCTCGCCAGT GCCTT G ACCTCACTGCAAGCGTCGCT G ACC 
GGCTGACGAAAAACrGGGTGTGGAAATCGTGGCCCGTGCCCTCGAAGCTCCCCTGCGTCAGATCGCGGACAACGCt 
TGCTGAAGGTTCfrGTCGTCGTCGA-AAAACTGCGGGACAAAGACTTCAACTTTGGCTACAACGCCCTGACAGGCCAATi 
GAAGACCTCGTGGCTAGCGGCATrCTCGATCCGGCCAAAGTGGTGCGATCGtiCACTGCAAGATGCGGCATCCGTCGCi 
TCGCTGATTCTGACGACTGAAGTCTTGGTTGTCGATCAGCCCGAGCCGGAGCCGGCAATGCCFGCTGGCGGTGACATG 
GCGGTATGGGTGCjCATGGGTATGCCGGGAATGGGCGGTATGGGCATGATGTAG
Figure 59: Proposed operon sequence containing groEL gene retrieved using 
DOOR NCBI (NC_007604:675946..680548 (+ strand). 4,603bp).
This operon includes groEL (highlighted in green).This operon includes three 
neighboring geens:Synpcc7942_0684 which codes for enzyme called 3-oxoacyl-ACP 
reductase (highlighted in gray), Synecpcc7942_0682 which codes for conserved 
hypothetical protein (ABB56714.1) which belongs to glycosyltranferase GTB type super 
family(highlighted in yellow) and Synpcc7942_0683 codes for flavodoxin Potassium 
channel protein (BAD79036.1) (highlighted in blue). Transcription Factor recognition
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site are highlighted in a blue box and putative promoter sequences with score cutoff 0.80 
are underlined and transcription start shown in large font (Promoter Tool, 
www.fruitfly.org) or marked in red letters which were proposed using SOFTBARRY 
program. A nucleotide sequence blast of proposed operon (NC_007604:675946..680548 
(+ strand) class=operon length=4603) was performed using The Basic Local Alignment 
Search Tool, NCBI which indicated that identical operon is also found in Synechococcus 
sp. 6301.
7) Identification of putative zinc tolerant or related genes in SIU 625
The primers were designed to amplify ~ 300 to lOOObp fragments in SIU 625 on 
chromosomal DNA based on the closely related S. elongatus PCC 7942. After 
polymerase chain reaction, the products were electrophoresed on 1% agarose gel to verify 
successful amplification of each gene of interest shown in figure 60. Thus the genes of 
interest were successfully identified in SIU 625.
8) Expression of putative zinc tolerant or related genes in SIU 625
Difference in expression pattern in response to heavy metal associated genes is not well
understood (Roelofs et al. 2007). Thus, the expression of putative zinc tolerant genes in
PCR Gel Key (for Figure 60)
Lane
no.
Contents Expected 
Amplicon Size 
(bp)
1 M. W. Marker
2 st 796
3 hmtA 933
4 ct 324
5 ShmtA 419
6 groEL 522Figure 60: PCR gel electrophoresis of st, 
groEL, ct, hmtA, and ShmtA
109
SIU 625 was studied by performing PCR based assay and comparative analysis of gene 
expression using qPCR based assay. SIU 625 cells were cultured to an OD750 of 1.0 
Subcultures were prepared using ZnCh treatment (0, 10, and 25 mg/L) in triplicates. lmL 
of aliquots was collected at various time increments (0, 8, 24, and 48 hours) of growth, 
a) PCR based assay to test qPCR primers
The qPCR primers were tested against control cDNA to ensure the successful 
amplification of putative zinc tolerant or related genes as shown in figure 61.
cDNA probe Gel Key (for 
figure 61)
Lane Contents Expected 
Amplicon 
Size (bp)
1 Hi/Lo
Marker
“
2 hmtA 99
3 ShmtA 95
4 ct 101
5 groEL 97
6 St 95
7 Positive 
control rspL
108
8 Negative
control
Figure 61: Electrophoresis result o f putative zinc tolerant or related genes using qPCR
primers with a cDNA template.
Electrophoresis of putative zinc tolerant and related genes using qPCR primers 
with a cDNA template was performed. A successful amplification of each primer verified 
that the genes were present in the cDNA. The cDNA primers successfully amplified 
genes of interest which will be used for further analysis via qPCR. A NanoDrop was used
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to determine the 260nm/280nm absorbance ratio as well as the concentration (ng/fil) of 
cDNA as shown in table 15.
Table 15: cDNA purity measur 
(Nanodrop reading 260/280 rati 
cDNA comcentration in ng/
ement 
on and 
ul)
Concentration of 
ZnCh (time)
260/280
Ratio
ng/pl
Control (0) 1.69 1492.7
Control (8hours) 1.8 1473.2
Control (24hours) 1.8 1458
1 Omg/L (Ohours) 1.88 1572
10mg/L (8hours) 1.87 1560
1 Omg/L (24hours) 1.86 1582
25mg/L (Ohours) 1.86 1676.3
25mg/L (8hours) 1.86 1615.6
25mg/L (24hours) 1.87 1623
5 Omg/L (Ohours) 1.88 1432
5 Omg/L (8hours) 1.82 1523
5 Omg/L (24hours) 1.8 1493
b) qPCR assay of putative zinc tolerant and related genes
after qPCR assay was performed, CT mean, A CT, A A CT values were calculated for 
putative zinc tolerant and related genes: st, groEL, ct, smtA and ShmtA that are shown in table 
16 to 20, cross threshold level (shown in figure 62a, 63a, 64a, 65a and 66a) and relative 
quantitation or fold increase is shown in figure 62b, 63b, 64b, 65b, and 66b respectively.
Table 16: Calculation of CT mean, A CT and A A CT 
level of st
Time/Concentration CT ACT
mean
(Target)
AACT Fold
change
0hour/0mg/L 24.40 24.40 0.00 1.00
0hour/10mg/L 24.35 24.40 -0.05 1.04
0hour/25mg/L 20.25 24.40 -4.15 17.78
8hour/0mg/L 25.59 25.59 0.00 1.00
8hour/10mg/L 20.86 25.59 -4.74 26.63
8hour/25mg/L 27.81 25.59 2.22 0.22
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24hour/0m g/L 23.81 23.81 0.00 1.00
24hour/10m g/L 21.85 23.81 -1.96 3.90
24hour/25m g/L 27.39 23.81 3.58 0.08
48hour/0m g/L 24.31 24.31 0.00 1.00
48hour/10m g/L 23.17 24.31 -1.14 2.20
48hour/25m g/L 27.56 24.31 3.25 0.10
Figure: 62a Cross Threshold values of st
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The Comparative assay was performed in triplicate and the mean CT level is shown in 
the figure above with standard deviation (figure 62a). From the mean of CT levels, the 
Relative Quantitation was calculated using A CT and A A CT level shown in table 16 
(figure 62b).
The expression of st under 25mg/L of ZnCh treatment increased by ~ 17fold at 0 
hours, while ~ 27 fold under lOmg/L of ZnCh treatment at 8 hours compare to control.
Table 17: Calculation of CT mean, A CT and A A 
CT level of groEL
Time/Concentration CT A CT AA CT 
mean 
I (Target)
Fold
Change
Ohour/Omg/L 21.24 21.24 j 0.00 1.00
Ohour/lOmg/L 20.77 21.24 |-0.46 1.38
0hour/25mg/L 14.76 21.24 -6.48 88.95
8hour/0mg/L 21.11 21.11 [  0.00 1.00
8hour/10mg/L 17.35 21.11 -3.76 13.58
8hour/25mg/L 23.60 21.11 2.49 0.18
24hour/0mg/L 20.30 20.30 0.00 1.00
24hour/10mg/L 18.14 20.30 -2.16 4.46
24hour/25mg/L 22.36 20.30 2.06 0.24
48hour/0mg/L 20.91 20.91 0.00 1.00
48hour/10mg/L 19.43 20.91 -1.48 2.80
48hour/25mg/L 24.98 20.91 4.06 0.06
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Cross Threshold Levels for groEL
» Omg/L 
a 10mg/L 
■  25mg/L
Ohr 8hr 24hr
Time (hours)
48hr
Figure: 63a Cross Threshold values of groEL
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Relative Quantitation of groEL
Ohrs 8hrs 24hrs 48hrs
Time (hours)
Omg/L
10mg/L
25mg/L
Figure: 63b Relative Quantitation of groEL 
The Comparative assay was performed in triplicate and the mean CT level is shown in
the figure above with standard deviation (figure 63a). From the mean of CT levels, the 
Relative Quantitation was calculated using A CT and A A CT level shown in table 17
(figure 63b).
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The expression of groEL under 25mg/L treatment increased by ~ 89 fold at 0 
hours, which was very immediate response in the presence of ZnCh. The expression of 
groEL increased by ~14 fold at 8 hours, while groEL is expressed at low level at 0, 24 
and 48 hours under 10mg/L of ZnCh treatment.
Table 18: Calculation of CT mean, A CT and A A 
CT level of cl
Time/Concentration CT...
mean
(Target)
.ACT AACT Fold
Change
0hour/0mg/L 22.97 22.97 0.00 1.00
0hour/10mg/L 23.42 22.97 0.45 0.73
0hour/25mg/L 17.97 22.97 -5.01 32.18
8hour/0mg/L 25.64 25.64 0.00 1.00
8hour/10mg/L 19.83 25.64 -5.81 56.03
8hour/25mg/L 27.11 25.64 1.47 0.36
24hour/0mg/L 23.24 23.24 0.00 1.00
24hour/10mg/L 20.87 23.24 -2.36 5.14
24hour/25mg/L 26.63 23.24 3.39 0.10
48hour/0mg/L 22.83 22.83 0.00 1.00
48hour/10mg/L 21.99 22.83 -0.84 1.79
48hour/25mg/L 26.89 22.83 4.07 0.06
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Relative Quantitation of et
100
Ohrs 8hrs 24hrs 48hrs
Time (hours)
a Omg/L 
a lOmg/L 
m 25mg/L
Figure: 64b Relative Quantitation of ct
The Comparative assay was performed in triplicate and the mean CT level is shown in 
the figure above with standard deviation (figure 64a). From the mean of CT levels, the 
Relative Quantitation was calculated using A CT and A A CT level shown in table 18 
(figure 64b).
The expression of ct increased by ~ 56 fold at 8hour under 1 Omg/L of ZnCh 
treatment, and by ~ 32 fold at 0 hours under 25mg/L of ZnCh treatment.
Table 19: Calculation of CT mean, A CT and A A CT 
level of hmtA
Time/Concentration CT
mean
(Target)
ACT AA
CT
Fold
change
0hour/0m g/L 21.54 21.54 0.00 1.00
0hour/10m g/L 21.89 21.54 0.35 0.78
0hour/25m g/L 16.90 21.54 -4.64 24.93
8hour/0m g/L 21.59 21.59 0.00 1.00
8hour/10m g/L 18.10 21.59 -3.49 11.23
8hour/25m g/L 24.91 21.59 3.32 0.10
24hour/0m g/L 21.28 21.28 0.00 1.00
24hour/10m g/L 20.00 21.28 -1.27 2.42
24hour/25m g/L 24.40 21.28 3.12 0.11
48hour/0m g/L 21.93 21.93 0 .00 1.00
48hour/10m g/L 19.90 21.93 -2.03 4.10
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48hour/25m g/L 24.79 21.93 2.86 0.14
5O
Cross Threshold Levels for hm tA
Time (hours)
M Omg/L 
m 10mg/L 
li 25mg/L
Figure: 65a Cross Threshold values of hmtA
Relative Quantitation of hm tA
<y
w
C_o
CG
o>
Time (hours)
» Omg/L 
» 10mg/L 
« 25mg/L
Figure: 65b Relative Quantitation of hmtA
The Comparative assay was performed in triplicate and the mean CT level is shown in
the figure above with standard deviation (figure 65a). From the mean of CT levels, the
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Relative Quantitation was calculated using A CT and A A CT level shown in table 19 
(figure 65b).
The expression of hmtA increased by ~ 25 fold at 0 hours under 25mg/L of ZnCh 
treatment, while by ~ 11 fold at 8 hours under 10mg/L of ZnCh treatment.
Table 20: Calculation o f CT mean, A CT and A A CT 
level of ShmtA
Time/Concentration CT mean 
(Target)
ACT AA CT Fold
change
0hour/0mg/L 25.89 25.89 0.00 1.00
0hour/10mg/L 22.95 25.89 -2.94 7.66
0hour/25mg/L 35.06 25.89 9.17 0.00
8hour/0mg/L 27.83 27.83 0.00 1.00
8hour/10mg/L 25.82 27.83 -2.01 4.02
8hour/25mg/L 37.11 27.83 9.28 0.00
24hour/0mg/L 35.79 35.79 0.00 1.00
24hour/10mg/L 31.23 35.79 -4.56 23.57
24hour/25mg/L 33.84 35.79 -1.95 3.86
48hour/0mg/L 22.61 22.61 0.00 1.00
48hour/10mg/L 34.32 22.61 11.71 0.00
48hour/25mg/L 35.21 22.61 12.60 0.00
Figure 66a: Cross Threshold values of ShmtA
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Figure 66b: Relative Quantitation of ShmtA
The Comparative assay was performed in triplicate and the mean CT level is shown in 
the figure above with standard deviation (figure 66a). From the mean CT levels shown in 
table 20, the Relative Quantitation was calculated (figure 66b).
The expression of ShmtA was highest at 24 hours in 1 Omg/L of ZnCh treatment.
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IV Conclusions
The antitoxic effect of selenium on zinc was evaluated in different levels of living 
organisms such as in prokaryote, SIU 625; in eukaryote, C. reinhardtii and mammalian 
cells. At the concentrations of lOmg/L, the growth was very similar to the control; at 
25mg/L, the growth was reduced compare to control in SIU 625. 50mg/L ZnCk was 
lethal dosage to SIU 625 and hence inhibited growth completely. Morphological study 
indicated that the cells became longer at high concentration, and the culture became 
colorless. Y and V shape (curved cells and cells with ectopic poles) DAPI stained DNA 
and some fragmentations were observed in 25mg/L and 50mg/L ZnCk treated SIU 625 at 
24 hours and day 3. At lOmg/L ZnCh/lmg/L SeCk, the growth was slightly less than 
lOmg/L ZnCk alone. At 25mg/L ZnCh/lmg/L SeCk the growth was similar to the control 
and better than 25mg/L ZnCk alone. At 50mg/L ZnCk, SeCk helped the cells to grow and 
reduce toxicity of ZnCk significantly. Some Y, and V shaped DAPI stained DNA were 
observed, but were less compare to ZnCk alone. The long filament shape was observed at 
day 3 in SIU 625. This result suggested that SeCk is able to reduce the availability of 
ZnCk thus reduces the growth at lOmg/L ZnCk which is the concentration that enhance 
the growth of SIU 625. At higher concentration of ZnCk, SeCk is able to reduce the 
toxicity of ZnCk.
C. reinhardtii cells were very resistant to ZnCk treatment. 1 Omg/L and 25mg/L 
do not affect the growth of the cells. At the 50mg/L of ZnCk, the inhibition of growth 
was observed. This suggests that C. reinhardtii might have stronger heavy metal tolerant 
mechanism compare to SIU 625 which helps them to combat stress caused by zinc. As 
the concentration of ZnCk increase, some cells appear light green. The dead cells appear
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dark brown at 12 and 24 hours under higher concentration of ZnCh (25 and 50mg/L 
ZnCh). In DAPI stained DNA, demargination was observed in these conditions. At the 
concentration of lOmg/L and 25mg/L of ZnCh in combination with lmg/L of SeCh, 
better growth was observed. At higher concentration (50mg/L), no significant effect of 
SeCh on the toxicity of ZnCh was observed. This suggested that SeCh has some 
antitoxicity effect on ZnCh treated cells. In the morphological study, some cells treated 
with ZnCh/SeCh increased in size compare to cells treated with ZnCh alone under 
various concentration of ZnCh/SeCh. There were no dead cells observed in this 
combination study, the cultures maintain green pigment. DNA demargination was also 
observed in the combination study.
In mammalian cells, SeCh increased viability in CHO cells treated with 25mg/L 
SeCh significantly about 25.25% and with 50mg/L ZnCh slightly about 12.26%. SeCh 
increased viability in MRC-5 cells treated with 25mg/L significantly about 37.85% and 
with 50mg/L ZnCh about 12.27%. SeCh (0.125mg/L) with WTC dust at 1.25, 12.5, and 
125mg/L increased viability about 3.59%, 26.16% and 67.76% respectively in CHO cells, 
but not in MRC-5. Apotox Glo Triplex assay result was inconclusive in mammalian cells. 
SIU 625 was used as a model to do bioinformatics and proteomic study. A membrane 
topology prediction indicated that four out of five genes (st, groEL, ct, hmtA and ShmtA) 
selected for proteomics study were membrane proteins. Identification of these genes and 
expression study using qPC R based assay suggested that three genes (st, groEL, ct) had 
similar expression pattern and showed increased expression immediately after heavy 
metal exposure (10 and 25mg/L of ZnCh) while hmtA and ShmtA did not express 
immediately. Both hmtA and ShmtA contained similar cysteine rich domain indicating its
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high affinity to be able to bind heavy metal, but only expressed significantly under lower 
concentration of ZnCh (lOmg/L). Thus, SeC>2 helps to reduce zinc toxicity in all living 
organisms at different concentrations.
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Appendix
Morphology of C. reinhard tii
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Figure 67: Morphology of C. reinhardtii after 12hours of different concentration of ZnCh 
(on left) and ZnCh/SeCh (on right) at 1000X
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Figure 68: Morphology of C. reinhardtii after 24hours of different concentration of ZnCh 
(on left) and ZnCh/SeCh (on right) at 1000
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Figure 69: Morphology of C. reinhardtii after 48hours of different concentration of ZnCh 
(on left) and ZnCh/SeCh (on right) at 1000X
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Figure 70: Flow chart for study of expression of zinc tolerant or related genes in SIU 625
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